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AUTHOR'S   PREFACE. 


The  importance  of  the  study  of  Physics  is  now  generally  acknow- 
ledged. Besides  the  interest  of  curiosity  which  attaches  to  the  obser- 
vation of  nature,  the  experimental  method  furnishes  one  of  the  most 
salutary  exercises  for  the  mind— -constituting  in  this  respect  a  fitting 
supplement  to  the  study  of  the  mathematical  sciences.  The  method 
of  deduction  employed  in  these  latter,  while  eminently  adapted  to 
form  the  habit  of  strict  reasoning,  scarcely  affords  any  exercise  for 
the  critical  faculty  which  plays  so  important  a  part  in  the  physical 
sciences.  In  Physics  we  are  called  upon,  not  to  deduce  rigorous  con- 
sequences from  an  absolute  principle,  but  to  ascend  from  the  parti- 
cular consequences  which  alone  are  known  to  the  general  principle 
from  which  they  flow.  In  this  operation  there  is  no  absolutely  cer- 
tain method  of  procedure,  and  even  relative  certainty  can  only  be 
attained  by  a  discussion  which  calls  into  profitable  exercise  all  the 
faculties  of  the  mind 

Be  this  as  it  may,  physical  science  has  now  taken  an  important 
place  in  education,  and  plays  a  prominent  part  in  the  examinations 
for  the  difierent  university  degrees.  The  present  treatise  is  intended 
for  the  assistance  of  young  men  preparing  for  these  degrees;  but  I 
trust  that  it  may  also  be  read  with  profit  by  those  persons  who, 
merely  for  purposes  of  self-instruction,  wish  to  acquire  accurate 
knowledge  of  natural  phenomena.  Having  for  nearly  twenty  years 
been  charged  with  the  duty  of  teaching  from  the  chair  of  Physics  in 
one  of  the  lyceums  of  Paris,  I  have  been  under  the  necessity  of 
making  continual  efforts  to  overcome  the  inherent  difficulties  of  this 
branch  of  study.  I  have  endeavoured  to  turn  to  account  the  expe- 
rience thus  acquired  in  the  preparation  of  this  volume,  and  I  shall 
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be  happy  if  I  can  thus  contribute  to  advance  the  taste  for  a  science 
which  is  at  once  useful  and  interesting. 

For  the  convenience  of  candidates  for  the  Bachelor's  degree,  I 
have  appended  to  this  treatise  a  number  of  problems,  most  of  which 
have  been  taken  from  the  examinations  of  the  Faculty  of  Sciences  of 
Paris  or  of  the  departments.  With  the  same  view  I  have  made  it 
my  object  to  omit  from  the  work  none  of  the  formulae  which  are 
usually  required  for  the  solution  of  such  questions.  Beyond  this 
point  I  have  made  very  limited  use  of  algebra.  Though  calculation 
is  a  precious  and  often  indispensable  auxiliary  of  physical  science, 
the  extent  to  which  it  can  be  advantageously  employed  varies  greatly 
according  to  circumstances.  There  are  in  fact  some  phenomena  which 
cannot  be  really  understood  without  having  recourse  to  measurement; 
but  in  a  multitude  of  cases  the  explanation  of  phenomena  can  be 
rendered  evident  without  resorting  to  numerical  expression.  In 
such  cases  calculation  is  of  secondary  importance,  and  may  be  said 
to  be  merely  practical 

The  physical  sciences  have  of  late  years  received  very  extensive 
developments.  Facts  have  been  multiplied  indefinitely,  and  even 
theories  have  undergone  great  modification&  Hence  arises  consider- 
able difficulty  in  selecting  the  most  essential  points  and  those  which 
best  represent  the  present  state  of  science.  I  have  done  my  best  to 
cope  with  this  difficulty,  and  I  trust  that  the  reader  who  attentively 
peruses  my  work,  will  be  able  to  form  a  pretty  accurate  idea  of  the 
present  position  of  physical  science.  I  shall  be  happy  in  a  second 
edition  to  avail  myself  of  any  observations  which  may  be  communi- 
cated to  me  on  this  or  any  other  point 


TBANSLATOR'S   PREFACE: 


OBIGINALLT  PREFIXED  TO  PABT  L    (Charsbs  I.  to  XVm.) 


The  ''TRArrfi  '^lSmehtaire  de  Phtsique"  of  Professor  Deschanel, 
though  only  published  in  1868,  has  already  obtained  a  high  reputa- 
tion in  France,  and  haa  been  adopted  by  the  Minister  of  Instruction 
as  the  text-book  for  Goyemment  Schools. 

I  did  not  consent  to  undertake  the  labour  of  translating  and 
editing  it  till  a  careful  examination  had  convinced  me  that  it  was 
better  adapted  to  the  requirements  of  my  own  class  of  Experimental 
Physics  than  any  other  work  with  which  I  was  acquainted;  and  in 
executing  the  translation  I  have  steadily  kept  this  use  in  view, 
believing  that  I  was  thus  adopting  the  surest  means  of  meeting  the 
wants  of  teachers  generally. 

The  treatise  of  Professor  Deschanel  is  remarkable  for  the  vigour 
of  its  style,  which  specially  commends  it  as  a  book  for  private  read- 
ing. But  its  leading  excellence,  as  compared  with  the  best  works  at 
present  in  use,  is  the  thoroughly  rational  character  of  the  informa- 
tion which  it  presenta  There  is  great  danger  in  the  present  day 
lest  science-teaching  should  degenerate  into  the  accumulation  of 
disconnected  facts  and  unexplained  formulae,  which  burden  the 
memory  without  cultivating  the  understanding.  Professor  Deschanel 
has  been  eminently  successful  in  exhibiting  facts  in  their  mutual 
connection ;  and  his  applications  of  algebra  are  always  judicious. 

The  peculiarly  vigorous  and  idiomatic  style  of  the  original  would 
be  altogether  unpresentable  in  English;  and  I  have  not  hesitated 
in  numerous  instances  to  sacrifice  exactness  of  translation  to  effective 
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rendering,  my  object  being  to  make  the  book  as  useful  as  possible  to 
English  readers.  For  the  same  reason  I  have  not  scrupled  to  sup* 
press  or  modify  any  statement,  whether  historical  or  philosophical, 
which  I  deemed  erroneous  or  defective.  In  some  instances  I  have 
endeavoured  to  simplify  the  reasonings  by  which  propositions  are 
established  or  formulae  deduced. 

As  regards  weights  and  measures,  rough  statements  of  quantity 
have  generally  been  expressed  in  British  units ;  but  in  many  cases 
the  numerical  values  given  in  the  original,  and  belonging  to  the 
metrical  system,  have  been  retained,  with  or  without  their  English 
equivalents;  as  it  is  desirable  that  all  students  of  science  should 
familiarize  themselves  with  a  system  of  weights  and  measures  which 
affords  peculiar  facilities  for  scientific  calculation,  and  is  extensively 
employed  by  scientific  men  of  all  countriea  For  convenience  of 
reference,  a  complete  table  of  metrical  and  British  equivalents  has 
been  annexed. 

The  additions,  which  have  been  very  extensive,  relate  either  to 
subjects  generally  considered  essential  in  this  country  to  a  treatise 
on  Natural  Philosophy,  or  to  topics  which  have  in  recent  years 
occupied  an  important  place  in  physical  discussions,  though  as  yet 
but  little  known  to  the  general  public. 

The  sections  distinguished  by  a  letter  appended  to  a  number  are 
all  new;  as  also  are  all  foot-notes,  except  those  which  are  signed 
with  the  Author's  initial  "  D." 

In  many  instances  the  new  matter  is  so  interwoven  with  the  old 
that  it  could  not  conveniently  be  indicated;  and  I  have  aimed  at 
giving  unity  to  the  book  rather  than  at  preserving  careful  distinc- 
tions of  authorship. 

Comparison  with  the  original  will  however  be  easy,  as  the  num* 
bering  of  the  original  sections  has  been  almost  invariably  followed. 

The  chief  additions  in  Part  I.  (Chap.  L-xviii.)  have  been  under 
the  heads  of  Dynamics,  Capillarity,  and  the  Barometer.  The  chapter 
on  Hydrometers  has  also  been  recast 
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PEEFATORY  NOTE  TO  PART  IL    (Chap.  XIX.  to  XXXIV.) 

In  the  present  Part,  the  chapter  on  Thermo-dynamics  is  almost 
entirely  the  work  of  the  Editor.  Large  portions  of  the  chapters  on 
Conduction  and  on  Terrestrial  Temperatures  have  also  been  re- 
written ;  and  considerable  additions  have  been  made  in  connection 
with  Hygrometry,  the  Theory  of  Exchanges,  the  Specific  Heats  of 
Gases,  and  the  Motion  of  Glaciers.  Minor  additions  and  modifica- 
tions have  been  numerous,  and  will  easily  be  detected  by  comparison 
with  the  similarly  numbered  sections  in  the  original 

The  nomenclature  of  units  of  heat  which  has  been  adopted,  is 
borrowed  from  Prof  G.  C.  Foster's  article  "Heat"  in  Watts'  Die- 
twnary  of  Cf^miatry. 

PREFATORY  NOTE  TO  PART  III.    (Chap.  XXXV.  to  LII.) 

The  accurate  method  of  treating  electrical  subjects  which  has  been 
established  in  this  country  by  Sir  Wm.  Thomson  and  his  coadjutors, 
has  not  yet  been  adopted  in  France ;  and  some  of  Faraday's  electro- 
magnetic work  appeal's  to  be  still  very  imperfectly  appreciated  by 
French  writers.  The  Editor  has  accordingly  found  it  necessary  to 
recast  a  considerable  portion  of  the  present  volume,  besides  intro- 
ducing two  new  chapters  (xxxix\  and  XLI\)  and  an  Appendix. 
Potential  and  lines  of  force  are  not  so  much  as  mentioned  in  the 
original 

The  elements  of  the  theory  of  magnetism  have  been  based  on  Sir 
Wm.  Thomson's  papera  in  the  Philosophical  Transactional  and  the 
description  of  the  apparatus  used  in  magnetic  observatories  has 
been  drawn  from  the  recently  published  work  of  the  Astronomer 
Royal  The  account  of  electrical  units  given  in  the  Appendix  is 
mainly  founded  on  the  Report  of  the  Electrical  Committee  of  the 
British  Association  for  the  year  1863. 

M.  Deschanel's  descriptions  of  apparatus,  of  which  some  very 
elaborate  examples  occur  in  the  present  volume,  left  little  to  be 
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desired  m  point  of  clearness.  In  no  instance  bas  it  been  found 
necessary  to  resort  to  tbe  mere  verbal  rendering  of  unintelligible 
detaila 

PREFATORY  NOTE  TO  PART  IV.    (Chap.  LIII.  to  LXV.) 

In  the  present  Part,  tbe  chapters  relating  to  Consonance  and 
Dissonance,  Colour,  the  Undulatory  Theory  and  Polarization,  are 
the  work  of  the  Editor;  besides  numerous  changes  and  additions  in 
other  places. 

The  numbering  of  the  original  sections  has  been  preserved  only 
to  the  end  of  Chapter  LX.;  the  two  last  chapters  of  the  original 
having  been  transposed  for  greater  convenience  of  treatment!  With 
this  exception,  the  announcements  made  in  the  "  Translator's  Preface," 
at  the  beginning  of  Part  I.,  are  applicable  to  the  entire  work. 

J.  D.  EVERETT. 

Belfast,  SepteniJber,  1872. 
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ERRATUM. 

In  Fig.  356  the  paper  armatures  are  wrongly  placed.  Tlieir  broad  parts  should  be 
exactly  opposite  the  combs  PP,  and  their  points /f',  which  project  through  the  windows, 
should  be  turned  the  opposite  way  to  that  represented  in  the  figure,  so  that  the  revolving 
plate  may  pass  them  before  it  passes  the  combs. 
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The  pressure  of  one  atmosphere,  or  760  millimetres  (29*922  inches)  of  mercoiy,  la  1*033 
kilogramme  per  sqnare  centimetre,  or  14*78  lbs.  per  sq.  inch. 
The  weight  of  a  litre  of  dry  air,  at  this  pressure  (at  Paris)  and  0*"  C,  is  1*298  gramme. 

Dry  air  at  constant  pressure  expands  by  *003665  (or  -— )  of  its  volcme  at  0*  C,  for  each 
d^ree  Cent. 

The  specific  heat  of  dry  air  at  constant  pressure  is  *2375, 

The  specific  heat  of  diy  air  at  constant  volume  is  '168. 

The  ratio  of  these  numbers  is  1*41,  and  their  difierenoe  '0G05. 

The  latent  heat  of  fusion  of  ice  is  79*'*25  C. 

The  latent  heat  of  steam  at  one  atmosphere  is  637°  CL 
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TABLE  FOR  THE  CONVERSION  OF  FRENCH  INTO  ENGLISH 

MEASUREa 


1  Millimetre 
1  Centimetre 
1  Decimetre 
1  Metre 
1  Eilometre 


1  sq.  millimetre 
I  sq.  centimetre 
1  sq.' decimetre 
1  sq.  metre 


Measubes  of  LSNOlU 

•08987079  inch,  or  about  Vt  inch. 

-8937079  inch. 

8*937079  inches. 

89*87079  inches,  or  8*2809  feet  nearly. 

89370*79  inches,  or  1093*6  yards  nearly; 

Measures  of  Area. 

•K  '00155006  sq.  inch. 

a  '155006  sq.  inch. 

^  15*5006  sq.  inches. 

»  155006  sq.  inches^  or  10*7648  sq.  feet. 
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MlASUBES  OF  VOLUlfS. 

1  cubic  centimetre  =  '0610271  cubic  inolu 
1  cubic  decimetre  s  61*0271  cubic  inches. 
1  cubic  metre  =     61027*1  cubic  inches,  or  85*3166  cubic  feci. 

Tho  Litre  (used  for  liquids)  is  the  same  as  the  cubic  decimetre,  and  is  equal  to  1*76172 
Imperial  pint^  or  -220215  gallon. 


IiIbasubbs  of  Weioht  (or  Mass). 


1  milligramme 
1  centigramme 
1  decigramme 
1  gramme 
1  kilogramme 


•015482349  grain. 

•15482349  grain. 
1*5432349  grain. 
15-432349  grains. 
15432*349  grains,  or  2*20462125  lbs.  avoir. 


MeASUEIS  IirVOLVlNO  IIEFERE27CB  TO  TWO  UNITS. 


1  gramme  per  sq.  centimetre 
1  kilogramme  per  sq.  metre 
1  kilogramme  per  sq.  millimetre 
1  kilogrammetra 


2-048098  lbs.  per  sq.  foot. 
-2048098   H  I. 

204809-8   II  If 

7*23314  foot-pounds. 


1  force  de  cheval  »  75  kilogrammetres  per  second,  or  542 i  foot-pounds  per  second 
uearljy  whereas  1  horsepower  (English) =550  foot-pounds  per  second. 


TABLE  FOB  THE  CONVERSION  OF  ENGLISH  INTO  FRENCH 

MEASURES. 


Measubes  of  Length. 

1  inch  =25*39954  millimetres. 
1  foot  ='30479449  metre. 
1  yard  =  -91 438347  metre. 
I  mile  =1*60932  kilometre. 


Measubes  of  Abea. 

1  sq.  inch  =  645*1 37  sq.  millimetres. 

1  sq.  foot  =  *092S997  sq.  metre. 

I  sq.  yard  =  '8360973  sq.  metre. 

I  sq.  mile  =  2*589895  sq.  kilometres. 

Solid  Measubes. 

1  cubic  inch =16386 '6  cubic  millimetres. 
1  cubic  foot  =  *0283153  cubic  metre. 
1  oublo  yards -7645181  cubic  metre. 


Measubes  of  Capacitt. 

1  pint  ='5676275  litre 
1  gallon  =4-54102  litres. 
1  bushel  =36-32816  Htrea. 

Measubes  of  Weigitt. 

1  grain        =  '064799  gramme. 

1  oz.  avoir.  =28*3496  grammes. 

1  lb.  avoir.  =  -45^593  kilogramme. 

1  ton  =1*01605  tonne=1016-05  kilos. 

Measubes  involving  befebencb  to 

TWO  units. 

1  lb.  persq.foot  =  4*88261  kilos,  per  sq.metre. 
1  lb.persq.  inch  =  -0703095  kilos,  per  sq.  cen- 

timetre. 
1  foot-pound    ■*  -138253  kilogrammetre. 
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NATUEAL    I*HILOSOPHY. 


CHAPTER   L 

PRELIMINARY    NOTIONa 

1.  Origin  of  Natural  Philosophy. — The  object  of  Natural  Philo- 
sophy or  Physics  (fvncf  nature)  is  the  study  of  the  material  world, 
induding  the  phenomena. which  it  presents  to  us,  the  laws  which 
govern  them,  and  the  applications  which  can  be  made  of  them  to  our 
various  wants. 

In  its  widest  sense,  the  study  of  physics  must  be  traced  back  to 
the  origin  of  the  human  race ;  for  ever  since  man  came  into  being, 
be  must  necessarily  have  been  struck  by  the  spectacle  of  the  heavens 
and  the  continually  changing  aspect  of  terrestrial  phenomena.  But 
isolated  and  vague  observations,  and  the  barren  admiration  of  pheno- 
mena which  provoke  attention  or  excite  curiosity,  do  not  constitute 
science ;  this  can  only  etist  where  there  is  a  mass  of  accurate  know- 
ledge in  which  the  facts  are  related  to  each  other  and  studied  in  con- 
nection with  the  causes  which  produce  them.  This  process  of  co- 
ordination is  only  possible  after  a  considerable  collection  of  facts  has 
been  accumulated;  but  it  then  becomes  inevitable,  from  the  very  con- 
stitution of  the  human  mind.  Thus,  in  examining  the  history  of 
the  nations  among  whom  we  place  the  cradle  of  our  civilization,  we 
find  constant  efforts  of  philosophers  to  explain  the  mechanism  of  the 
external  world, — to  bring  all  the  facts  which  nature  presents  to  us 
under  one  theory-— one  system.  The  Greek  philosophers,  especially, 
who  appear  to  have  borrowed  the  greater  part  of  their  physical  know- 
ledge from  the  Egyptian  priests,  have  left  us  different  systems,  by 
the  aid  of  which  they  profess  to  explain  all  natural  phenomena. 

Thus  Thales^  the  most  celebrated  of  the  seven  wise  men  of  Greece 
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(640  B.C.),  made  water  a  universal  principle,  which  nourishes 
at  once  the  sun,  the  earth,  and  the  planets.  Plato  (398  B.c.) 
assumed  two  distinct  principles,  matter  and  form,  which  by  their 
combination  give  birth  to  five  elements— -earth,  water,  fire,  air,  and 
ether.  According  to  Anaximander,  there  is  but  one  principle,  the 
infinite,  which  gives  birth  to  all  bodies.  According  to  Anaxagoras, 
air  is  the  sovereign  of  nature.  We  need  not  stay  to  examine  the 
exact  meaning  of  these  propositions,  which,  taken  in  their  literal 
sense,  appear  at  the  present  day  sufficiently  unintelligible.  While 
acknowledging  that  these  illustrious  philosophers  knew  and  taught 
some  important  facts  of  general  physics,  we  are  bound  to  remark 
that  in  the  elaboration  of  their  systems  experiment  played  no  part ; 
that  observation  itself  only  held  a  secondary  place;  and  that  their 
theories  were  veritable  d  pTinori  conceptions,  to  which  facts  had  to 
be  accommodated.  Hence  there  is  nothing  in  their  works  approaching 
the  experimental  method  which  serves  as  the  foundation  of  modern 
physics.  Some  faint  foreshadowings  of  this  method  may  be  traced 
in  the  works  of  Aristotle  (383  B.C.),  who  was  a  disciple  of  Plato,  but 
far  superior  to  his  master  in  scientific  genius,  besides  being  an  emi- 
nent naturalist,  and  author  of  a  history  of  animals,  which  alone  would 
constitute  an  imperishable  monument  to  his  memory.  Thus,  to  inves- 
tigate the  weight  of  air,  he  had  recourse  to  a  direct  experiment,  which 
consisted  in  weighing  a  skin  empty  and  inflated.  Finding  no  dif- 
ference in  the  weights,  he  concluded  wrongly  that  air  is  destitute  of 
weight,  and  was  thus  led  in  his  attempts  at  the  explanation  of  certain 
phenomena  to  the  famous  principle  that  nature  abhors  a  vacuum, 
which  was  universally  admitted  down  to  the  time  of  Galileo. 

It  was  especially  in  the  hands  of  Archimedes  (287  B.C.),  and  the 
philosophers  of  the  school  of  Alexandria,  who  may  be  regarded  as 
his  successors,  that  the  method  of  scientific  observation  took  a 
distinct  form,  and  led  to  important  results.  Every  one  has  heard 
of  the  admirable  discoveries  of  Archimedes  respecting  the  theory 
of  the  lever,  the  determination  of  centres  of  gravity,  and  the  mea- 
surement of  specific  gravities  by  means  of  the  principle  which  bears 
his  name;  discoveries  founded  upon  experiments  which  were  doubt- 
less not  very  accurate,  but  were  regarded  by  him  as  necessary  in 
order  to  furnish  a  solid  basis  for  his  investigations.  After  him 
Hipparchus  (140  RC),  by  means  of  persevering  observations,  meth- 
odically directed,  changed  the  face  of  astronomy,  and  arrived  at 
brilliant  discoveries,  among  which  the  most  notable  was  that  of  the 
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precession  of  the  equinoxes.  At  a  later  period,  Ctesibius,  Hero, 
Posidonius,  &;o.,  following  in  the  traces  of  their  illustrious  prede- 
cessors, advanced  the  boundaries  of  the  exact  knowledge  already 
acquired,  and  originated  several  inventions  displaying  more  or  less 
ingenuity.  To  the  first  of  these  philosophers  the  invention  of  pumps 
appears  to  be  due,  and  the  fountain  of  Hero  still  finds  a  place  in 
all  collections  of  physical  apparatus. 

Among  philosophers  belonging  more  or  less  directly  to  the  school 
of  Alexandria,  who  have  enriched  science  by  important  discoveries, 
we  will  only  mention  Plutarch,  who  is  said  to  have  discovered  the 
refraction  of  light  in  its  passage  from  air  into  water;  and  Ptolemy, 
the  author  of  various  works  on  optics  and  celestial  physics,  which 
constitute  a  better  title  to  glory  than  the  astronomical  system, 
which  bears  his  name,  a  system  which  only  served  to  retard  the 
progress  of  science. 

We  will  carry  this  historical  review  no  further,  but  will  content 
ourselves  with  remarking  that,  starting  from  the  seventh  century, 
the  period  of  the  conquest  of  Alexandria  by  the  Arabs,  and  the 
burning  of  its  celebrated  library,  until  the  time  of  Galileo  (1564?), 
science  may  be  said  to  have  been  stationary.  Still,  some  discov- 
eries of  importance  belong  to  this  period ;  for  example,  that  of  the 
maiiner's  compass,  which  was  known  from  the  thirteenth  century. 
Shortly  before  Galileo,  the  thermometer,  the  microscope,  and  tele- 
scope were  invented ;  but  it  is  unquestionably  to  this  distinguished 
philosopher  that  we  owe  the  true  scientific  method — the  method 
of  experiment  His  treatises  upon  falling  bodies,  the  pendulum,  &a, 
furnish  admirable  examples  of  the  manner  in  which  the  physical 
investigator  should  interrogate  Nature  by  the  aid  of  experiment 
It  was  by  the  introduction  of  this  method  that  physical  science 
became  finally  disentangled  from  the  prejudices  and  a  priori  assump- 
tions which  had  hitherto  impeded  its  progress. 

At  the  present  day,  after  numberless  discoveries  which  have 
introduced  most  material  changes  in  our  social  condition,  physical 
science  has  attained  a  very  high  degree  of  perfection.  It  is  to  the 
experimental  method  that  we  owe  this  result,  and  it  is  by  remain- 
ing true  to  this  method  that  we  must  hope  to  achieve  fresh  progress. 
2.  The  Experimental  Method. — The  experimental  method  can 
easily  be  described  in  general  terms:  it  consists  in  observing  facts 
instead  of  trying  to  divine  them;  in  carefully  examining  what 
really  happens,  and  not  in  reasoning  as  to  what  ought  to  happen. 
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It  is  therefore  entirely  independent  of  metaphysics,  which  has  always 
proved  a  false  ally ;  in  fact,  as  long  as  the  dominion  of  metaphysics 
lasted,  science  continued  to  run  in  the  old  ruts,  which  it  did  not 
leave  till,  thanks  to  the  teaching  of  Bacon  and  Galileo,  the  convic- 
tion became  established  that  there  is  no  way  of  airiving  at  physical 
truths  but  by  the  help  of  observation  and  experiment. 

The  experimental  metliod  is  usually  called  by  logicians  the  method 
of  observation  and  induction.  From  the  observation  of  particular 
facts  it  ascends  to  the  general  law  which  embraces  them ;  being  very 
different  in  this  respect  from  the  method  of  deduction  employed  in 
mathematics,  in  which  we  always  descend  from  a  certain  and  abso- 
lute principle  to  the  different  consequences  which  flow  from  it  Let 
us  enter  into  some  details  upon  this  point 

8.  Phenomena— Physical  Law. — A  phenomenon  is  any  change  that 
takes  place  in  the  condition  of  a  body;  the  fall  of  a  stone,  the 
flowing  of  water,  the  melting  of  lead,  the  combustion  of  wood,  for 
example,  are  phenomena.  When  we  study  the  characteristics  which 
belong  to  phenomena  of  the  same  class,  we  soon  perceive  that  the 
various  circumstances  of  their  production  have  a  mutual  dependence, 
so  that  if  one  of  them  varies,  the  others  undergo  a  corresponding 
variation.  The  expression  of  this  connection  constitutes  a  physical 
law. 

Sometimes  the  law  appears  of  itself  and  without  difficulty,  by 
means  of  observation  alona  Such,  for  example,  is  the  following: 
All  bodies  left  to  themselves  fall  to  the  surface  of  the  earth.  But 
more  frequently  the  law  is  disguised  by  disturbing  causes,  whose 
influence  should,  as  far  as  possible,  be  eliminated.  This  elimination 
is  the  object  of  experiment  Experiment  differs  from  observation  in 
this  respect, — that  the  phenomenon  is  produced  under  conditions 
])reviously  determined  and  regulated  by  the  experimenter.  If  we 
wish  to  know,  for  example,  what  are  the  velocities  which  gravity 
produces  in  different  bodies  falling  freely,  we  must  not  let  them  fall 
iu  air,  because  this  fluid  retards  their  movement,  and  that  in  unequal 
degrees  for  different  bodies;  we  must  operate  in  vacuo,  and  thus  we 
arrive  at  the  law,  which  observation  alone  could  never  have  dis- 
covered, that  gravity  jyi'oduces  the  same  velocity  in  all  bodies.  It 
will  be  readily  understood  then  that  the  art  of  experimenting,  that 
is,  of  regulating  the  special  conditions  under  which  phenomena  shall 
take  place,  and  of  measuring  their  constituent  elements,  is  absolutely 
necessary  to  the  physical  investigator;  and  that  a  genius  for  physical 
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science  mainly  consists  in  the  possession  of  this  aptitude  in  a  more 
or  less  eminent  degree. 

We  may  remark  that  when  the  general  law  of  a  class  of  pheno- 
mena is  known,  the  expression  of  this  law  is  often  called  the  physical 
cause  of  the  particular  phenomena  which  it  includea  A  phenomenon 
is  said  to  be  explained  or  accounted  for,  or  traced  to  its  cause,  when 
we  show  that  it  is  contained  in  the  enunciation  of  a  known  law. 

Thus,  when  we  have  once  laid  down  the  principle  that  the  volumes 
of  gases  under  different  pressures  vary  inversely  as  these  pressures, 
we  are  in  a  position  to  explain  a  crowd  of  facts  depending  on  the 
action  of  a  gas  whose  volume  and  pressure  vary  simultaneously. 

When  the  law  of  observed  phenomena  admits  of  numerical  state- 
ment, calculation  becomes  a  valuable  instrument  for  making  known 
all  its  consequences,  and  the  experimental  verification  of  these  conse- 
quences constitutes  a  confirmation  of  the  physical  law  itself.  In  this 
way  mathematical  methods  become  powerful  auxiliaries  to  physical 
science. 

4.  Physical  Theory. — ^The  enunciation  of  any  one  physical  law, 
and  the  rational  development  of  its  consequences,  constitute  a  partial 
physical  theory.  The  assemblage  of  all  the  laws  which  belong  to  one 
class  of  phenomena,  forms  a  more  general  physical  theory;  but  it  will 
be  readily  understood  that  these  difierent  laws  may  be  merely  corol- 
laries of  a  single  law. 

The  discovery  of  this  single  law,  when  it  exists,  marks  a  decided 
step  in  the  progress  of  physical  science.  Thus  Newton  traced  to 
the  single  law  of  gravitation  all  the  movements  of  our  planetary 
system,  as  well  as  those  of  bodies  which  fall  to  the  surface  of  the 
earth. 

In  like  manner  the  different  partial  theories  of  optics  are  rigorous 
consequences  of  the  properties  attributed  to  a  fluid  called  ether,  with 
which  we  suppose  space  to  be  filled,  and  whose  vibrations  serve  for 
the  propagation  of  light  and  heat 

This  work  of  synthesis,  however,  has  as  yet  made  little  progress, 
though  these  last  few  years  have  been  marked  by  very  successful 
efforts  in  this  direction;  but  it  should  be  considered  as  the  true  object 
of  physical  science  in  general,  and  the  highest  generalization  will 
have  been  attained  when  it  has  been  demonstrated  that  all  the  phy- 
sical agents  which  have  hitherto  been  regarded  as  distinct,  are  merely 
transformations  of  one  and  the  same  primordial  agent 

fi.  Divisions  of  Physical  Science. — Physical  or  natural  science  iu 
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general  comprises  the  aggregate  of  all  the  phenomena  of  the  ex- 
ternal world ;  but  the  accumulation  of  discoveries  in  different  parts 
of  this  mighty  whole  has  necessitated  the  division  of  it  into  several 
branches,  which  at  present  constitute  distinct  sciencea 

Natural  History  comprises  all  those  facts  which  have  reference  to 
the  different  beings,  organic  or  inorganic,  which  are  found  upon  the 
surface  of  the  globe;  it  is  further  subdivided  into  several  parts. 
Zoology  is  occupied  with  the  organization  and  habits  of  animals,  with 
their  regular  classification,  and  with  all  the  phenomena  connected 
with  their  development  and  reproduction.  Botany  treats  of  the 
same  questions  with  respect  to  vegetables.  Mineralogy  has  for  its 
object  the  description  and  methodical  classification  of  the  different 
inorganic  bodies  (minerals)  which  nature  presents  to  us;  the  know- 
ledge of  the  peculiar  characteristics  which  serve  to  distinguish  them 
from  one  another;  and  the  enumeration  of  their  principal  properties 
as  well  as  of  the  various  applications  that  can  be  made  of  them. 

Geology  is  the  history  of  the  earth;  it  recounts  the  different 
revolutions  which  have  modified  the  surface  of  the  globe  and  finally 
brought  about  its  present  configuration,  the  arrangement  and  nature 
of  the  rocks  that  enter  into  its  composition,  and  the  description  of 
those  ancient  animals  and  vegetables  whose  fossil  remains  are  still  in 
existence,  belonging  in  many  cases  to  types  which  have  since  become 
extinct.  It  is  the  basis  of  the  art  of  the  mining  engineer,  and  enables 
liim  to  follow  a  regular  method  in  searching  for  the  various  metals 
or  combustible  substances  which  are  hid  in  the  depths  of  the  earth, 
and  which  we  employ  to  satisfy  our  various  requirements. 

Astroivymy  is  occupied  with  the  laws  of  the  movements  of  the 
heavenly  bodies ;  thanks  to  the  perfection  to  which  our  measuring 
instruments  have  been  brought,  to  the  progress  of  mathematical 
science,  and  to  the  discovery  of  the  universal  law  of  gravitation, 
astronomy  has  arrived  at  such  a  degree  of  perfection  that  it  may  be 
classed  among  the  exact  sciences. 

Besides  natural  history  and  astronomy,  there  is  room  further  for 
distinguishing  physics  from  chemistry.  This  latter  science,  in  fact, 
has  for  its  object  the  study  of  phenomena  in  which  the  essential 
character  of  materials  seems  to  be  changed;  phenomena  in  which 
matter  seems  to  be  destroyed,  or  at  least  metamorphosed.  If  we 
take  a  piece  of  sulphur  and  heat  it,  it  will  melt;  if  we  rub  it  with  a 
piece  of  wool,  it  will  acquire  the  power  of  attracting  light  bodies, 
and  will  present  the  peculiar  and  curious  properties  which  are  charac- 
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teristic  of  electrical  excitation;  but  the  sulphur  viU  not  have  lost  its 
proper  nature^  and  when  the  different  influences  to  which  it  has  been 
submitted  cease  to  act,  it  will  resume  all  its  original  characteristics. 
The  sulphur  under  these  circumstances  has  displayed  physical  pheno- 
mena. If,  on  the  other  hand,  we  place  this  same  body  in  a  fire, 
we  shall  see  it  burn  with  a  blue  flame;  at  the  end  of  some  time  it 
will  have  entirely  disappeared,  or  at  least  wiU  have  been  transformed 
into  a  gaseous  substance  which  is  dissipated  with  the  other  products 
of  combustion.  In  this  case  the  sulphur  has  ceased  to  exist  as  sul- 
phur; a  cJiemical  phenomenon  has  taken  place. 

In  a  more  restricted  sense,  then,  physics  or  natural  philosophy  is 
understood  as  embracing  the  study  of  all  the  phenomena  of  the 
material  world  except  those  which  consist  in  the  action  of  vital  forces 
or  of  chemical  affinities.  It  is  in  this  restricted  sense  that  physics  forms 
the  subject  of  the  present  treatisa  We  may  remark,  however,  that 
the  two  kinds  of  phenomena  are  often  produced  by  the  same  causes, 
and  that  each  is  frequently  the  necessary  consequence  of  the  other. 
Thus  in  heating  a  body  we  render  it  better  adapted  to  undergo 
chemical  transformations;  and,  on  the  other  hand,  such  transforma- 
tions often  produce  a  great  quantity  of  heat.  Physics  and  che- 
mistry, though  pursuing  different  ends,  should  yet  afford  each  other 
mutual  assistance.  For  example,  our  ideas  of  electricity  would  be 
very  imperfect  without  a  knowledge  of  the  curious  and  often  useful 
chemical  phenomena  which  it  is  capable  of  producing. 

A  similar  remark  may  also  be  made  with  regard  to  all  the  other 
branches  of  natural  science.  How,  for  example,  can  we  separate 
mineralogy  and  chemistry,  when  it  so  often  happens  that  the  only 
means  of  recognizing  a  mineral  is  by  making  a  chemical  analysis 
of  it?  and  when,  on  the  other  hand,  a  complete  description  of  the 
substances  which  the  chemist  produces  in  his  laboratory,  must  neces- 
sarily include  an  account  of  their  external  characteristics,  such  as 
their  crystalline  form,  which  specially  belongs  to  the  province  of 
mineralogy? 

To  take  another  instanca  Can  we  draw  a  sharp  line  of  demar- 
cation between  zoology  and  botany  on  the  one  side,  and  physical 
science  and  chemistry  on  the  other?  Does  not  the  tissue  of  organic 
beings  undergo  various  chemical  reactions  which  are  a  necessary 
accompaniment  of  vital  phenomena?  Do  not  physical  agents  in 
their  turn  produce  phenomena  of  such  a  nature  as  completely  to 
embarrass  the  physiologist  and  the  physician,  unless  they  are  armed 
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with  a  knowledge  of  the  laws  which  regulate  the  action  of  these 
agents  upon  inorganic  bodies? 

Finally,  though  astronomy  may  seem  to  form  a  totally  distinct 
science,  consisting  of  tbe  geometry  and  mechanics  of  the  movements 
of  the  heavenly  bodies,  must  it  not  avail  itself  of  all  the  resources 
of  physical  science  if  it  would  arrive  at  any  rational  conjectures 
respecting  their  constitution  ?  We  may  say,  then,  that  all  the  parts 
of  natural  science  are  interwoven  together;  they  form  one  connected 
whole,  and  the  division  into  distinct  sciences  has  simply  arisen  from 
the  vastness  of  the  subject,  which  renders  it  impossible  for  any  one 
mind  adequately  to  follow  the  development  of  its  various  branches. 
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6.  Principle  of  Inertia. — The  fundamental  principle  of  physics  is 
the  inertia  of  matter.  Inertia  does  not  consist  in  the  inactivity 
of  material  particles,  nor  in  the  impossibility  of  changes  being  pro- 
duced in  their  states  of  rest  or  motion  by  their  mutual  action ;  for 
a  glance  at  nature  is  sufficient  to  show  that  repose  nowhere  exists, 
and  that  motion  changes  in  an  endless  variety  of  ways.  The  prin- 
ciple of  inertia  is  an  abstract  principle  which  must  be  considered  as 
applicable  to  a  single  isolated  particle.  It  may  be  enounced  in  the 
foUowing  terms:— 

An  isolated  material  point  cannot  change  its  state,  whether  of 
rest  or  motion.  That  is  to  say,  if  it  beat  rest  it  will  remain  at  rest; 
if  it  he  in  motion  it  will  continue  to  move  in  the  same  direction 
and  with  the  same  velocity. 

If,  then,  we  see  a  material  point  which  was  at  rest  begin  to  move, 
or  if  we  observe  any  change  in  the  motion  of  a  point,  we  say  that 
it  has  been  acted  on  by  a  force. 

Without  entering  upon  the  very  obscure  subject  of  the  intimate 
nature  of  forces — without  seeking  to  know  whether  they  form  an 
essential  part  of  bodies  or  have  a  separate  existence,  but  only  re- 
garding them  in  the  effects  which  they  produce,  we  may  define 
them  in  the  following  manner: — 

A  force  is  any  cause  which  tends  to  urge  a  material  point  in  a 
definite  direction  with  a  definite  velocity} 

7.  Manifestations  of  Inertia.— The  principle  of  inertia,  as  above 
enounced,  does  not  admit  of  direct  experimental  verification;  for 
we  cannot  observe  a  material  point,  which  is  a  mere  abstraction ; 

'  The  words  fDith  a  definite  velocity  only  imperfectly  express  the  ideft  intended  to  be 
conveyed.    The  correct  phrase  would  be  viik  a  d^nite  acceleratum.     See  Chftp.  v. 
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still  less  an  isolated  material  point.  The  principle  of  inertia  is  one 
of  those  ultimate  and  abstract  principles  which  presented  themselves 
to  the  minds  of  the  founders  of  the  science  of  mechanics — of  Newton 
especially — as  the  key  and  reason  of  the  manifold  and  complex 
characters  of  external  phenomena^  But  if  it  is  impossible  to  verify 
the  principle  of  inertia  directly,  it  is  easy  to  show  its  influence  in 
external  phenomena,  this  influence  reducing  itself  evidently  to  the 
tendency  of  bodies  to  continue  in  their  state  of  rest  or  motion. 

The  tendency  to  continue  in  a  state  of  rest  is  manifest  to  the  most 
superficial  observation.  The  tendency  to  continue  in  a  state  oi 
uniform  motion  can  be  clearly  understood  from  an  attentive  study 
of  facts.  If,  for  example,  we  make  a  pendulum  oscillate,  the  ampli- 
tude of  the  oscillations  decreases  more  and  more;  and  ends,  after  a 
longer  or  shorter  time,  by  becoming  nothing.  This  is  because  the 
pendulum  experiences  resistance  from  the  air,  due  to  the  successive 
displacement  of  the  particles  of  this  fluid ;  and  because  the  axis  of 
suspension  rubs  on  its  supports.  These  two  circumstances  combine 
to  produce  a  diminution  in  the  velocity  of  the  apparatus  until  it  is 
completely  annihilated.  If  the  friction  at  the  point  of  suspension  is 
diminished  by  suitable  means,  and  the  apparatus  is  made  to  oscillate 
in  vacuo,  the  duration  of  the  motion  will  be  immensely  increased. 

Analogy  evidently  indicates  that  if  it  were  possible  to  suppress 
entirely  these  two  causes  of  the  destruction  of  the  pendulum's  velo- 
city, its  motion  would  continue  for  an  indefinite  time  unchanged. 

This  tendency  to  continue  in  motion  is  the  cause  of  the  efifecta 
which  are  produced  when  a  carriage  or  railway  train  is  suddenly 
stopped.  The  passengers  are  thrown  in  the  direction  of  the  motion, 
in  virtue  of  the  velocity  which  they  possessed  at  the  moment  when 
the  stoppage  occurred.  If  it  were  possible  to  find  a  brake  sufficiently  * 
powerful  to  stop  a  train  suddenly  at  full  speed,  the  effects  of  such  a 
stoppage  would  be  identical  with  those  which  would  result  from 
collision  with  another  train  of  the  same  weight  coming  in  a  contrary 
direction  with  equal  velocity. 

Inertia  is  also  the  cause  of  the  severe  falls  which  are  often  received 
in  alighting  incautiously  from  a  carriage  in  motion ;  all  the  particles 
of  the  body  have,  in  fact,  a  forward  motion,  and  the  feet  alone  being 
reduced  to  rest,  the  upper  portion  of  the  body  continues  to  move, 
and  is  thus  thrown  forward. 

When  we  fix  the  head  of  a  hammer  on  the  handle  by  striking  the 
end  of  the  handle  on  the  ground,  we  utilize  the  inertia  of  matter. 
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In  fact,  at  the  moment  of  the  sliock,  and  of  the  stoppage  which  re- 
sults, the  head  continues  to  move,  and  ends  after  some  blows  by 
becoming  jSrmly  fixed. 

8.  Mechanics. — ^AU  physical  phenomena  fundamentally  consist  in 
motions;  but  these  motions  are  in  many  cases  too  minute  to  admit 
of  direct  observation,  and  are  only  inferred  from  their  effects.  Thus 
when  a  solid  body  is  heated  and  melted,  it  is  certain  that  the  liquid 
state  results  from  a  particular  displacement  of  tlie  molecules,  and  per- 
haps also  from  a  change  of  their  form — that  is  to  say,  from  circum- 
stances which  are  reducible  to  motions;  but  the  liquid  body  thus 
formed  has  acquired  peculiar  properties,  which  form  a  subject  of 
study  in  themselves  apart  from  the  motions  to  which  they  ai-e  due. 

When  motions  are  considered  in  themselves,  according  to  their 
geometrical  relations,  and  in  connection  with  the  forces  which  pro- 
duce them,  they  form  the  subject  of  the  science  of  mechanics,  which 
must  be  regarded  as  an  indispensable  introduction  to  physics.  We 
shall  give  in  this  chapter  enunciations  and  illustrations  of  some 
fundamental  propositions,  referring  the  reader  to  special  treatises  on 
this  subject  for  fuller  information. 

9.  Elements  required  to  specify  a  Force. — ^The  material  point  sub- 
mitted to  the  action  of  force  is  called  the  point  of  application  of 
the  force.  It  tends,  in  virtue  of  this  action,  to  move  in  a  certain 
direction,  which  is  called  the  direction  of  the  force,  and  which  can 
be  represented  geometrically  by  a  straight  line  drawn  from  the 
material  point.  It  is  obvious  also  that  the  force  must  act  with  some 
definite  intensity,  which  is  different  in  different  casea  This  intensity 
may  manifest  itself,  for  example,  by  a  greater  or  less  velocity  of  the 
pointy  a  greater  velocity  corresponding  to  a  greater  force. 

When  two  forces  separately  applied  to  the  same  point  at  rest  give 
it  the  same  motion,  they  may  be  called  equal  The  union  of  a  num- 
ber of  equal  forces  gives  a  force  which  is  a  corresponding  multiple  of 
one  of  them,  and  thus  the  intensities  of  forces  can  be  numerically  com- 
pared.   Forces  then  can  be  represented 

either  by  numbers  or  by  lines;  in  the   4 ,—2 £. 

latter  case  a  certain  length  (as  an  inch)  ^. 

being  taken  to  represent  a  certain  force 

(as  the  weight  of  a  pound).     It  is  usual  to  indicate  the  direction  of 

a  force  by  a  line  AF  with  which  the  direction  of  the  force  coincides, 

and  to  lay  off  on  this  a  length  AB  representing  (on  the  scale  chosen) 

the  intensity  of  the  forca 
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For  accuracy,  it  is  to  be  observed  that  the  pound,  ounce,  and  other 
units  of  weight  are  essentially  units  of  mass,  not  of  force.  In  order 
to  render  them  available  as  accurate  units  of  force,  the  locality  must 
be  specified,  inasmuch  as  the  force  requisite  to  support  a  pound  of 
matter  is  different  in  different  localities,  being  for  example  greater 
at  the  poles  of  the  earth  than  at  the  equator  by  about  1  part 
in  190. 

10.  Besultant. — When  a  material  point  or  a  system  of  points  is 
urged  by  a  certain  number  of  forces,  it  will  be  readily  understood 
that  a  single  force  of  determinate  magnitude,  and  applied  at  a  suit- 
able point,  may  be  capable  of  producing  the  same  effect  as  all  the 
given  forces  acting  together.  This  single  force  is  called  the  resultant 
of  the  given  forces,  and  they  are  called  its  components. 

Thus,  for  example,  a  vessel  descending  a  river,  whether  propelled 
by  steam  or  wind,  provided  its  motion  be  rectilinear,  is  really  urged 
forward  by  a  great  number  of  forces  applied  at  different  points ;  but 
it  is  evident  that  a  single  force  of  proper  magnitude  and  line  of 
action  would  produce  the  same  effect. 

It  is  not  every  system  of  forces  that  has  a  resultant;  but,  in  the 
case  of  those  which  have,  it  is  very  important  to  determine  its 
magnitude  and  position,  for  the  study  of  the  body's  motion  will  thus 
be  evidently  simplified.  The  following  is  an  important  case  in  which 
this  determination  is  easily  mada 

11.  Parallelogram  of  Forces. — If  a  material  point  A  is  acted 
on  by  two  forces  represented  in  magnitude  and  direction  by  AB 

and  AC,  there  is  a  resultant,  which  is  exactly 

\<^ ^^  represented  by  the  diagonal  AD  of  the  parol- 

^"'"■^v,,.^^  '\  lelogram  of  which  AB  and  AC  are  sides. 

\_ ^\\  This  proposition  can  be  verified  experiment- 

^      ally  by  the  aid  of  the  following  apparatus  due 
Fig.  2— Parallelogram  of       to  Gravesaudc.     ABDC  (Fig.  .3)  is  a  parallelo- 
gram jointed  at  its  four  corners.    To  the  points 
B  and  C  cords  are  fixed,  which,  passing  over  the  pulleys  M  and  N, 
support  at  their  extremities  weights  P  and  F,  of  90  and  60  ounces 
respectively. 

The  lengths  of  the  sides  AB  and  AC  are  themselves  proportional 
to  the  numbers  90  and  60.  To  the  corner  A  is  attached  a 
weight  F'  of  120  ounces.  In  these  circumstances,  the  parallelogram 
will  take  a  position  of  equilibrium,  in  which  the  cords  attached  to 
B  and  C  will  be  found  to  form  prolongations  of  the  sides  AB,  AC, 
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trnd  the  diagonal  AD  will  be  vertical  But  the  forces  P  and  F  have 
a  resultant  acting  vertically  at  A,  since  their  resultant  muHt  be  equal 
and  opposite  to  the  weight  P"  which  balances  them.     The  diagonal 


AD  therefore  agrees  with  the  resultant  in  direction;  and  if  this 
diagonal  is  measured,  its  length  will  be  found  to  be  1 20  on  tlie  same 
scale  on  which  the  lengths  of  AB  and  AC  are  90  and  CO. 


.— FMiaidopipKl  of 


12.  Composition  of  Forces. — Knowing  liow  to  find  tlie  resultant  of 
two  forces,  that  is  to  say,  to  compou7id  two  forces,  applied  to  the 
»ame  point,  it  is  easy  to  compound  any  number. 

Let   there  be,  for  example   (Fig.  4),  four  forces  applied  to  the 
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material  point  A.  Wo  may  compound  first  the  force  AB  with  AC, 
which  gives  the  resultant  Ar;  this,  compounded  with  AD,  gives  a 
second  partial  resultaot  Ar",  which,  compounded  with  the  fourth  force, 
gives  the  complete  resultant  AR 

In  the  particular  case  of  three  forces  (Fig.  5),  it  is  easily  seen  that 
the  resultant  Ar'  is  the  same  thing  as  the  diagonal  of  the  panillelo- 
piped  constructed  on  the  lines  AB,  AC,  AD  which  represent  the 
three  forces.  In  the  figure,  the  pai-allelopiped  has  been  completed  to 
render  this  evident,  but  the   construction 

amounts,  as  in  the  preceding  case,  to  com-         } S ^ 

pounding  AB  with  AC,  and  their  resultant        I  / 

Ar  with  AD.  /        /  •  r 

13.  Composition  of  Parallel  Forces. —  When   ^1         I 
two  parallel  forces  F  and  F"  are  applied  I 

at  the  two  extremitiea  of  a  straight  line,  •■ 

they  have  a  resvdtant  R  equal  to  their  sum,        ^j   ,  -p,r»iw  roiui. 
onrf  acting  at  a  point  C  which  divides  the 
straight  line  AB  into  parts  inversely  proportional  to  the  forces. 


If,  for  example,  the  two  forces  F  and  F  are  equal,  the  point  C  will 
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be  at  the  middle  of  AB ;  if  the  force  F  is  double  of  F,  the  segment 
CA  will  be  equal  to  half  of  CB. 

This  proposition  can  be  verified  by  the  aid  of  the  following  appar- 
atus called  the  ariihmeticdl  lever  (Fig.  7). 

The  lever  AB  supports  two  equal  weights  P  at  its  extremities ;  it 
is  suspended  at  its  middle  by  a  cord  which,  passing  over  the  pulley 
M,  sustains  a  weight  P'.  It  will  be  found  that^  when  the  weight 
F  has  a  certain  value,  the  lever  is  in  equilibrium ;  whence  it  follows 
that  the  two  weights  P  and  the  weights  of  the  different  parts  of  the 
lever,  which  we  may  suppose  distributed  two  and  two  at  equal 
distances  from  the  middle  point,  have  a  resultant  acting  at  this 
poiot,  equal  and  opposite  to  the  force  F.  It  will  also  be  found  that 
Fis  equal  to  the  sum  of  the  two  weights  P  together  with  the  weight 
of  the  lever. 

In  the  case  of  the  second  figure,  a  single  weight  P  is  placed  at  one 
of  the  extremities  B,  whilst  two  equal  weights  are  sus[)ended  at  the 
middle  point  C  of  the  second  half  of  the  lever.  It  will  be  found  that 
there  is  still  equilibrium,  provided  that  the  weight  P'  is  the  sum  of 
the  three  weights  P  and  the  weight  of  the  lever. 

To  interpret  this  result,  we  may  remark  that  the  lever  being 
balanced  directly  by  an  equal  portion  of  F,  we  may  neglect  its 
weight;  there  remain  then  only  two  forces,  of  which  one,  that  on  the 
left,  is  double  of  the  other.  Now  the  resultant  evidently  passes 
through  the  point  of  suspension  O,  which  is  exactly  twice  as  far  from 
B  as  from  C. 

^  14.  When  the  parallel  forces  F  and  W  act 
in  opposite  directions,  there  is  still  a  result- 
ant parallel  to  the  components,  acting  in  the 
same  direction  as  the  greater,  and  equal  to 
their  difference  F — F.  Moreover  its  point  ^f-p 
of  application  C  is  so  placed  that  the  distances 
CA  and  CB  are  inversely  proportional  to 
tiie  forces,  a  result  analogous  to  that  which  p.^  g._pa„^uei  forow  in 
holds  when  the  forces  act  in  the  same  direc-  oppoeite  nirectiona. 

tion. 

We  see,  as  a  consequence  of  this  proposition,  that  if  the  two 
parallel  and  opposite  forces  differ  little  from  one  another,  their 
resultant  has  a  very  small  value,  but  its  point  of  application  is  very 
remote.  In  the  particular  case  in  which  the  two  forces  are  equal, 
the  rule  of  composition  is  absolutely  inapplicable.     Such  a  system, 
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consisting  of  two  equal  and  parallel  forces  acting  in  opposite  direc- 
tions, is  called  a  couple.  It  cannot  be  equilibrated  or  replaced  by 
a  single  force,  but  obviously  tends  to  produce  a  motion  of  rotation. 
Now  in  nature  we  frequently  see  bodies  possessing  at  once  a  motion 
of  translation  and  a  motion  of  rotation.  We  may  assume  that  the 
translation  has  been  produced  by  a  force  and  the  rotation  by  a 
couple ;  this  latter  then  presents  itself  as  a  sort  of  natural  element 
in  mechanics.  The  idea  of  couples  originated  with  the  geometrician 
Poinsot,  and  has  greatly  simplified  many  mechanical  problems. 

The  perpendicular  distance  between  the  lines  of  action  of  the  two 
equal  forces  which  constitute  a  couple  is  called  the  arm  of  the  couple. 
The  product  of  one  of  the  two  equal  forces  by  the  arm  is  called  the 
Taoment  of  the  couple,  and  is  the  measure  of  the  power  of  the  couple 
to  produce  rotation.  It  is  proved  in  treatises  on  mechanics  that 
two  couples  acting  on  a  body  and  tending  to  turn  it  in  opposite 
directions  will  equilibrate  each  other  if  their  moments  are  equals 
even  though  they  be  applied  at  different  parts  of  the  body.  Two  or 
more  couples  acting  on  a  body  and  tending  to  turn  it  in  the  same 
direction,  may  be  replaced  by  a  single  couple  whose  moment  is  the 
sum  of  their  moments;  and  any  number  of  couples  acting  on  a  body 
and  tending  to  turn  it  in  any  directions  whatever,  are  always,  except 

when  they  are  in  equilibrium,  equivalent  to 
a  single  couple. 

15.  Composition  of  any  Number  of  Parallel 
Forces.  To  compound  a  given  number  of 
parallel  forces,  F,  F,  F",  F",  we  may.  first 
compound  the  first  with  the  second,  which 
gives  a  partial  resultant  r;  this  compounded 
with  the  third  force  F",  gives  a  second  result- 
ant r\  which  combined  with  F",  gives  the 
complete  resultant  K  It  is  clear  that  this 
procedure  is  applicable  to  any  number  of 
Fig.  9.— CompoBition  of  any    forces,  and  that  the  resultant  is  always  equal 

Number  of  Paxallel  Fox.«.       ^^  y^^  ^^^^  ^f  ^jj  ^y^^  f^^^^^        As  tO  itS  poiut  of 

application,  we  may  remark,  that  the  point  of  application  of  the 
first  partial  resultant  is  obtained  by  dividing  AB  into  two  parts 
AI  and  BI  inversely  proportional  to  F  and  F.  In  like  manner 
the  point  of  application  K  of  r'  is  obtained  by  dividing  IC  into  parts 
IK  and  KC,  inversely  proportional  to  r  and  F';  and  lastly,  the  point 
of  application  L  of  the  complete  resultant  is  obtained  by  performing 
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an  analogous  operation  on  the  line  KD.  Now  it  will  be  remarked 
that  this  series  of  constructions  is  independent  of  the  absolute  direc- 
tion of  the  forces,  and  only  supposes  that  they  are  parallel ;  if  then 
the  forces  were  turned  about  their  points  of  application  in  such  a 
manner  as  still  to  remain  parallel  to  one  another,  their  resultant 
would  still  pass  through  the  same  point  L.  This  point  is  on  this 
account  called  the  centre  of  parallel  forces. 

16.  Besolntion  of  Forces. — ^As  any  number  of  forces  can  be  com- 
pounded into  a  single  force,  so  a  given  force  can  be  (decompounded 
or)  resolved  into  two  or  any  number  of  forces  which  would  pro- 
duce the  same  effect  Thus,  for  example,  the  force  AD  (Fig.  2)  daxi 
be  replaced  by  the  two  forces  AB  and  AC,  inasmuch  as  it  is  their 
resultant  It  is  obvious  that,  to  resolve  a  force  applied  to  a  material 
point  into  two  others  having  given  directions,  it  is  necessary  to  draw, 
through  the  extremity  D  of  the  line  which  represents  the  given  force, 
lines  parallel  to  the  given  directions.  They  determine  by  their 
intersections  the  points  B  and  C,  and  consequently  the  magnitudes 
AB  and  AC  of  the  two  forces  which  can  be  substituted  for  the  given 
force. 

The  composition  of  several  forces  into  a  single  force  constitutes  an 
obvious  simplification.  As  to  resolution  (or  decomposition),  its  utility 
is  not  so  obvious.  It  may  appear  at  first  sight  to  be  a  complication. 
Such  however  is  not  always  the  case,  and  in  the  course  of  this  trea- 
tise we  shall  find  it  of  continual  use.  It  will  be  readily  conceived, 
in  fact  that  when  a  force  is  applied  to  a  point  whose  movements  are 
constrained  by  guides  or  physical  connections,  the  effect  which  the 
force  can  produce  is  not  easily  perceived.  But  it  is  sometimes  pos- 
sible, by  resolution,  to  replace  it  by  components,  of  which  some  are 
destroyed  by  the  conditions  of  constraint,  and  the  others  can  act  in 
a  manner  directly  appreciable. 

We  will  confine  ourselves  to  a  single  example  of  this,  namely,  the 
explanation  of  the  opposite  courses  which  can  be  taken  by  two 
sailing  boats  with  the  same  wind. 

Consider,  for  example,  the  case  of  the  first  figure.  The  wind, 
blowing  in  the  direction  Vm,  tends  to  exert  a  force  which  can  be 
resolved  at  the  point  m  into  two  components,  one  of  them  tif  tan- 
gential to  the  sail,  which  has  no  effect,  the  other  7nn  perpendicular 
to  the  saiL  This  latter  tends  to  urge  the  boat  obliquely  towards 
the  left  of  the  figure.     But  as  the  boat  can  be  moved  much  more 

easily  in  the  direction  of  its  length  than  in  any  other  direction,  we 
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may  resolve  this  latter  force  into  two  components :  one  perpendicular 
to  the  length,  which  haa  little  effect;  the  other  in  the  direction  of 
the  length,  which  produces  the  forward  movement  of  the  boat  in  the 
direction  of  the  arrow  placed  below  the  figure. 


In  the  second  figure  it  will  be  seen  that  the  same  methods  of 
resolution  lead  to  an  opposite  result,  and  that  the  direction  of  motion 
ifl  opposite,  though  the  direction  of  the  wind  is  the  same.  In  reality, 
the  two  motions  are  not  directly  opposite,  because  the  action  of  the 
component  perpendicular  to  the  length  of  the  boat  cannot  be  alto- 
gether neglected,  but  produces  what  is  called  leeway, 

17.  Work  done  liy  a  Force. — In  the  different  operations  to  which 
forces  are  applied,  such  as  the  raising  of  burdens,  the  compressing, 
piercing,  and  pulverizing  of  solid  bodies,  it  is  clear  that  it  is  always 
necessary  to  overcome  a  certain  resistance  and  produce  a  certain 
displacement.  Hence  we  are  led  to  a  special  mechanical  element, 
involving  the  joint  consideration  of  force  and  the  displacement  of 
its  point  of  application.     This  element  is  called  work. 

The  work  done  by  a  force  is  the  prodvct  of  the  force  into  the 
displacement  which  it  produces  in  its  point  of  application. 

In  this  definition  the  force  is  supposed  to  be  constant,  and  the 
motion  of  the  point  of  application  is  supposed  to  coincide  with  the 
direction  of  the  force. 

In  stating  the  work  done  by  a  machine  it  is  usual  to  take  as  unit 
of  work  the  foot-pound;  that  is  to  eay,  the  work  done  in  raising  a 
pound  through  a  height  of  a  foot 
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The  notion  of  work  is  itself  independent  of  time;  but  it  is  evident 
that  in  practice  it  is  advantageous  for  a  machine  to  employ  little 
time  in  producing  a  given  amount  of  work. 

The  unit  employed  for  expressing  the  rate  of  working  of  a 
machine  is  the  horse-power^  and  denotes  33,000  foot-pounds  of 
work  done  per  minute  or  550  foot-pounds  per  second.  Thus  a 
machine  which  can  raise  12  tons  through  a  height  of  10  feet  in 
2  minutes  is  a  machine  of  rather  more  than  4  horse-power ;  since 
it  does  12  X  2240  x  10  =  268,800  foot-pounds  in  2  minutes,  or 
134,400  in  1  minute;  and  134,400  is  rather  more  than  4  times 
33,000. 

17a.  The  above  definition  of  work  is  only  applicable  to  the  case 
in  which  the  displacement  of  the  point  of  application  of  the  force 
is  in  a  direction  precisely  coincident  with  the  direction  of  the 
forca  It  is  often  necessary  to  consider  cases  where  (owing  perhaps 
to  circumstances  of  constraint,  or  to  the  action  of  other  forces  besides 
the  one  considered,  or  to  previous  motion)  the  point  of  application 
of  a  force  moves  in  a  direction  oblique  to  that  of  the  force.  In  this 
case  the  force  may  be  resolved  into  two  components,  of  which  one 
is  perpendicular  and  the  other  either  coincident  with  or  directly 
opposite  to  the  direction  of  displacement  The  former  of  these 
components  is  to  be  neglected  in  estimating  the  work  done  by  the 
force;  and  the  product  of  the  latter  component  by  the  displacement 
is  the  work  done  by  or  dgainst  the  force  according  as  the  direction 
of  this  component  coincides  with  or  is  opposite  to  that  of  the  dis- 
placement.^ 

The  necessity  of  having  a  name  to  denote  the  idea  thus  defined 
is  obvious  firom  the  following  proposition,  which  is  called  the  prin- 
ciple  of  work. 

Every  machine  may  be  regarded  as  an  instrument  for  transmitting 
work ;  and  if  we  neglect  friction,  we  may  assert  that  the  work  thus 
transmitted  is  unaltered  in  amount  If,  for  example,  the  machine 
is  driven  by  forces  applied  at  points  Ai,  Ag,  &&»  and  if  the  machine 
overcomes  resistances  at  points  Bi,  B3,  kc,  then  the  whole  work 
done  by  the  forces  at  Ai,  As,  &a,  estimated  according  to  the  fore- 

^  Or  the  work  done  by  a  force  is  the  product  of  the  f oroe  by  the  projection  of  the  dis- 
placemeni  of  its  point  of  application  on  the  direction  of  the  force,  or  is  the  continued 
product  of  force,  displacement,  and  cosine  of  included  angle.  The  three  definitions  are 
obvioosty  equivalent.  Work  done  again$t  a  force  is  to  be  regarded  as  ru^ive  work  done 
iy  the  force. 
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going  definition,  will  be  precisely  equal  to  the  whole  work  done 
against  the  resistances  at  Bi,  B^,  similarly  estimated. 

The  numerous  vain  schemes  for  producing  perpetual  motion  are 
founded  on  ignorance  of  this  law.  They  are  attempts  to  make  work 
increase  in  its  transmission  through  a  machine 

Practically,  work  is  always  diminished  in  its  transmission  through 
a  machine,  owing  to  friction.  The  work  thus  lost  leaves  an  equiva- 
lent in  the  shape  of  heat  (see  Chap.  xxxiL) 
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CONSTITUTION  OF  BODIE& 


18.  Different  States  of  ICatter. — As  the  object  of  physics  is  the 
study  of  the  general  properties  of  bodies^  it  is  necessary  for  us 
to  form  some  idea  of  the  constitution  of  the  different  kinds  of 
matter.  Matter  presents  itself  in  three  different  states:  the  solid, 
liquid,  and  gaseoua  Solid  bodies  are  characterized  by  a  kind  of 
invariability  of  form ;  that  is  to  say,  their  form  cannot  be  changed 
without  an  effort,  more  or  less  considerable.  Hence  a  solid  body 
forms  a  firmly  connected  whole,  so  that  the  movement  of  one  of  its 
parts  produces  motion  in  the  rest 

liquids,  on  the  contrary,  appear  to  be  formed  of  particles  which 
are  independent  of  each  other  and  can  obey  individually  the  action 
of  the  forces  which  urge  them,  being  able  to  slide  past  each  other 
with  the  greatest  facility.  From  this  property  the  name  fl/iiida,  by 
which,  in  common  with  gases,  they  are  often  designated,  is  derived 
(Jluere,  to  flow).  This  also  is  the  reason  why  a  liquid  moulds  itself 
to  the  form  of  the  containing  vessel.  Liquidity,  consisting  essen- 
tially in  the  perfect  mobility  of  the  constituent  parts  of  a  body,  may 
evidently  be  met  with  in  different  degrees  of  perfection.  Thus  sul- 
phuric ether  and  alcohol  are  more  perfectly  liquid  than  water ;  water 
itself  is  more  liquid  than  oil,  and  so  on.  Viscosity  is  a  name  used 
to  denote  the  want  of  independence  between  the  particles  of  a 
liquid,  which  establishes  a  kind  of  intermediate  state  between  these 
bodies  and  solids.  Thus  we  may  say  that  there  is  an  insensible 
passage  finom  liquids  more  or  less  perfect  to  viscous  liquids,  from 
these  to  plastic  substances  such  as  putty  or  moist  day,  and  from 
these  last  to  solid  bodies. 

Gaseous  bodies,  of  which  the  atmosphere  offers  us  an  example, 
are  formed,  like  liquids,  of  independent  particles :  but  these  particles 
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appear  to  be  in  a  contiaual  state  of  repulsion,  so  that  a  gaseous 
mass  has  a  continual  tendency  to  expand  to  a  greater  and  greater 
volmue.  This  property,  called  the  expansibility  of  gases,  is  commonly 
illustrated  by  the  following  experiment: — 

A  bladder,  nearly  empty  of  air,  and  tied  at  the  neck,  is  placed 
under  the  receiver  of  an  air-pump.  At  first  the  air  which  it  con- 
tains and  the  external  air  oppose  each  other  by  their  mutual  pressure. 
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and  are  in  equilibrium.  But  if  we  proceed  to  exhaust  the  receiver, 
and  thus  diminish  the  external  pressure,  the  bladder  gradually 
becomes  inflated,  and  thus  manifests  the  tendency  of  the  gas  which 
it  contains  to  occupy  a  greater  volume. 

It  follows  from  this  property  that,  however  lai^  a  vessel  may  be, 
it  can  always  be  filled  by  any  quantity  whatever  of  a  gas,  which 
will  always  exert  pressure  against  the  sides.  It  is  in  consequence  of 
the  existence  of  this  pressure,  which  is  itself  a  result  of  expaasd- 
bility.  that  the  name  of  elastic  fluids  is  often  given  to  gases. 

It  is  necessary  to  remark  that  the  same  substance  may,  according 
to  ito  temperature,  assume  any  one  of  the  three  states.  Thus  water 
in  the  cold  of  winter  assumes  the  solid  state  and  becomes  ice ;  and, 
on  the  other  hand,  there  is  always  more  or  less  water  diffused 
through  the  air  in  the  gaseous  state,  called  aqueous  vapour.  If  the 
thermal  conditions  existing  at  the  surface  of  the  earth  were  to  receive 
a  notable  change  in  either  direction,  some  of  the  bodies  which  we 
habitually  see  in  the  liquid  state  would  become  either  solids  or  vapours. 
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19.  Xolecnlar  ConstitatioiL — ^Whatever  be  the  state  under  which 
a  body  presents  itself,  it  is  the  general  opinion  of  physicists  that 
it  is  not  composed  of  continuous  matter,  but  is  an  aggregation 
of  distinct  pcuis  held  at  a  distance  from  each  other.  These  con- 
stituent parts  are  called  particles  or  molecules*  They  must  be 
regarded  as  exercising  two  kinds  of  mutual  actions,  the  one  attractive, 
the  other  repulsive,  which  balance  each  other  in  the  case  of  solids  and 
Uquids.  In  the  case  of  gases  this  equilibrium  does  not  subsist; 
there  is  a  permanent  repulsive  force  between  the  particles,  which 
gives  rise  to  expansibility  or  elastic  force. 

The  molecules^  of  solids  and  of  liquids  ought  not  to  be  considered 
as  similar.  In  the  latter,  in  fact,  each  molecule  can  turn  on  its  axis 
without  producing  any  modification  in  the  equilibrium;  in  other 
words,  equilibrium  depends  only  on  the  molecular  distances  and  not 
at  all  on  the  form  or  relative  disposition  of  the  molecules.  An 
approximate  idea  of  this  physical  constitution  will  be  obtained  by 
assuming  that  the  molecules  of  liqoiids  are  spherical,  and  hence  that 
molecular  equilibrium  depends  only  on  the  distances  between  the 
centres  of  the  spheres. 

In  solids,  much  depends  upon  the  form  and  relative  disposition  of 
the  molecules.  It  would  seem  as  if  these  molecules  (according  to 
the  ideas  of  some  ancient  philosophers)  were  formed  with  hooked 
projections  which  become  locked  together  and  so  give  a  determinate 
figure  to  the  mass.  It  is  not,  however,  necessary  to  fall  back  upon 
such  a  gross  image  as  this  for  the  explanation  of  rigidity.  It  is 
sufficient  to  conceive  that  when  an  effort  is  exerted  against  any  part 
of  a  solid  body,  its  molecules  turn  on  their  axes,  assume  new  direc- 
tions, and  take  up  a  new  position  of  equilibrium.  Such  a  supposition 
corresponds  with  that  invariability  of  form  which  we  are  accustomed 
to  connect  with  the  solid  state.  In  reality  this  invariability  is  not 
absolute.  The  smallest  force  applied  to  a  solid  body  produces  some 
change  of  form,  but  frequently  this  change  is  only  appreciable  when 
the  force  is  very  intense. 

20.  Divisibility. — This  hypothesis  regarding  the  constitution  of 
bodies  amounts  to  assuming  that  matter  is  not  infinitely  divisible, 
but  that,  whatever  be  the  means  employed  to  j)roduce  division, 
there  is  for  each  body  a  limit  below  which  it  never  descends.     These 

'The  bjrpothefles  broached  in  (he  remamder  of  this  section  muBt  be  received  with 
caution,  as  being  merely  conjectural  explanations  of  the  distinction  between  solids  and 
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parts  which  always  remain  undivided  are  called  atoms  (a,  privative, 
rifAw,  to  cut);  and  we  are  to  understand  by  this  designation  not 
elements  which  it  is  impossible  to  divide  in  an  absolute  or  meta- 
physical sense,  but  elements  which  are  not  susceptible  of  division  by 
any  known  forcea 

It  is  in  chemistry  especially  that  reasons  are  found  for  assuming 
a  limit  to  the  division  of  matter.  In  fact  in  chemical  phenomena 
we  see  this  division  attain  limits  which,  though  doubtless  very 
remote,  are  yet  fixed.  The  composition  of  compound  bodies  is 
invariable,  whatever  may  be  the  circumstances  of  their  production;^ 
their  properties,  which  could  hardly  fail  to  be  altered  by  a  change  in 
the  size  of  the  constituent  particles,  are  also  the  same;  whence  it 
seems  necessary  to  conclude  that  the  elements  between  which  chemical 
affinity  is  exerted  are  absolutely  alike  and  unchangeable — ^have  a 
definite  existence.  They  are  the  veritable  i/ndividuals  of  the  mineral 
kingdom.     These  are  what  we  mean  by  atoms. 

The  notion  of  an  atom  does  not  involve  the  idea  of  size;  but 
experience  teaches  us  that  their  size  must  be  excessively  minute; 
for  we  can  in  several  different  ways  divide  matter  into  extremely 
small  parts,  without  finding  any  reason  to  think  that  we  have 
attained  or  even  approached  the  limit  of  division.  We  will  cite 
some  examples  which  prove  the  extreme  divisibility  of  matter. 

Wollaston  succeeded  in  obtaining  threads  of  platinum  of  a  diame- 
ter not  exceeding  goooooo  ^^  ^^  ^^<^l^'  ^^^  method  which  he 
employed  for  preparing  them  consisted  in  drawing  a  silver  wire 
with  a  platinum  core,  and  dissolving  the  shell  of  silver  in  nitric  acid. 
In  this  way  threads  can  be  obtained  so  fine  that  they  are  actually 
invisible  to  direct  view,  and  that  their  existence  can  only  be  detected 
by  the  aid  of  certain  special  optical  phenomena.  In  the  art  of  beating 
gold,  leaves  are  obtained  whose  thickness  cannot  exceed  -^-^^nnnF 
of  an  inch.  A  square  inch  of  this  leaf  would  weigh  less  than  the 
svimr  ^^  ^^  ounce,  and  as  a  square  whose  side  is  -^^  of  an  inch  is 
visible  to  the  naked  eye,  it  follows  that  this  square  inch  of  leaf 
contains  more  than  60,000  visible  parts. 

The  diffusion  of  colouring  matters  and  perfumes  affords  a  notable 
instance  of  the  extreme  divisibility  of  matter.  A  cubic  millimetre 
of  indigo  (about  tt^tht  ^^  ^  cubic  inch)  dissolved  in  sulphuric  add, 

^  This  is  called  the  law  of  'Mefinite  proportions.*'  The  laws  of  "multiple  proportions** 
and  "equivalent  proportions*'  fumisli  perhaps  a  still  stronger  argument  for  the  atomic 
hypothesis. 
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can  colour  to  an  appreciable  extent  more  than  10  litres  (about  2 
gallons)  of  water.  Now»  a  litre  contains  a  million  cubic  millimetres; 
the  cubic  millimetre  of  indigo,  therefore,  in  this  experiment  is  divided 
into  ten  million  visible  part& 

The  diffusion  of  odoriferous  substances  is  still  more  astonishing.  Ifc 
is  well  known  that  a  grain  of  musk  will  continue  for  years  to  supply 
the  air,  which  is  continually  being  renewed  around  it^  with  a  suffi- 
cient number  of  particles  to  communicate  to  it  its  odour.  The  mind 
can  hardly  form  an  idea  of  the  degree  of  tenuity  which  such  par- 
ticles must  hava 

2L  Porosity. — Porosity  is  an  immediate  consequence  of  the 
hypothesis  of  molecular  constitution.  It  consists  in  the  existence, 
in  the  interior  of  all  bodies,  of  intervals  or  pores  between  their 
material  particles.  This  porosity  is  often  so  marked  as  to  permit 
the  passage  of  liquids  or  gases  through  the  substance  of  solida  It 
then  receives  the  name  oi  permeability.  Permeability  is  the  property 
which  is  utilized  in  the  employment  of  stone  filters;  the  pores  are 
large  enough  to  allow  the  water  to  pass,  and  small  enough  to  prevent 
the  passage  of  the  small  solid  bodies  held  in  suspension  in  the  water. 
It  is  by  means  of  permeability  that  the  communication  and  con- 
tact of  liquids  takes  place  in  organized  bodies ;  for  the  vessels  which 
contain  them  are  nowhere  open,  and  it  is  always  through  the  sub- 
stance of  their  walls  that  the  final  changes  of  elements  are  made 
which  are  necessary  to  vital  action. 

By  using  great  pressure,  liquids  can  be  made  to  pass  through 
metala  These  latter,  or  at  least  some  of  them,  iron  and  platinum 
for  example,  when  raised  to  a  high  temperature,  allow  ready  passage 
to  different  gasea  Thus  it  is  that  cast-iron  stoves,  when  red-hot, 
allow  some  of  the  deleterious  products  of  combustion  to  pass  out, 
and  sometimes  occasion  serious  accidenta 

But  even  when  no  permeability  can  be  detected,  pores  must  still 
he  assumed  to  exist;  and  the  proof  is  found  in  the  fact  that  all  .-? 

hodies  can  have  their  volumes  increased  or  diminished, — ^that  they 
are  dilatable  and  compressible.  The  dilatation  of  bodies  by  the 
action  of  heat  is  a  general  phenomenon  which  will  be  studied  further 
on.    We  will  here  confine  ourselves  to  compressibility. 

SS.  Comprassibility. — Ompressibility  consists  in  the  reduction  of 
volume  which  bodies  experience  under  the  action  of  external  pressure. 
He  compressibility  of  solids  is  extremely  small ;  that  is  to  say,  a  very 
considerable  pressure  is  required  to  produce  any  sensible  diminution 


4 


\ 


26  CX)NSTlTtJTIOM   OF   BODIES. 

of  volume.     The  exietence  of  such  an  effect  has,  however,  been  well 
established,  and  it  is  found  necessary  to  allow  for  it  in  structares. 

The  compressibility  of  liquids,  though  greater  than  that  of  solids, 
is  still  very  smalL  Hence,  in  comparison  with  gases,  they  have 
often  been  called  incompressible  flaids.  It  is  easy  with  the  aid  of 
CErsted's  apparatus,  represented 
in  section  in  Fig.  12,  to  show 
that  liquids  are  more  compres- 
sible than  solids,  and  to  measure 
approximately  the  degree  of  their 
compressibility.  The  liquid  to 
be  compressed  is  contained  in  a 
kind  of  large  thermometer  b, 
called  a  piezometer,  whose  tube 
has  been  carefully  divided,  and 
its  reservoir  gauged  so  as  to  de- 
termine how  many  divisions  of 
the  tube  its  volume  is  equal  to. 
The  tube  is  open  at  the  top,  and 
a  globule  of  mercury,  placed 
above  the  liquid  column,  servas 
for  index.  The  apparatus  is 
placed  in  a  vessel  of  water  a, 
having  very  thick  sides. 

When  pressure  is  exerted  by 
means   of  the  screw-piston  klh, 
the  index  of  mercury  is  seen  to 
Fjg.  It.— (Ented'i  pisBniHt(r.  doscend,  showiDg  a  diminution  of 

the  volume  of  the  liquid.  The 
amount  of  the  pressure  is  known  &om  the  volume  of  air  contained 
in  the  tube  c,  which  serves  as  a  manometer.  In  this  experiment 
the  number  of  divisions  through  which  the  extremity  of  the  liquid 
column  moves  indicates  the  apparent  diminution  of  volume;  that 
is  to  aay,  the  excess  of  the  diminution  of  volume  of  the  liquid 
above  that  of  the  envelope.  It  is  easy,  in  lact,  to  understand  that 
tlie  piezometer  itself  must,  under  the  pressure  to  which  it  is  sub- 
jected, undergo  a  diminution  of  capacity,  which  must  be  taken  into 
account.  (Ersted  supposed  that  this  diminution  was  insensible,  or 
nothing,  since  the  pressure  is  exerted  on  the  interior  as  well  as  the 
exterior  of  the  piezometer.      But  this  conclusion  is  erroneous;  for 
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if  the  piezometer  were  solid  and  submitted  to  compression,  the 
interior  shells  would  react  with  a  force  precisely  equivalent  to  that 
which  is  produced  wlien  the  instrument  is  hollow  and  the  liquid 
occupies   its   interior.      The  piezometer  then,   in  (Erstcd's  experi- 
ment,  undergoes  a  diminution  of  volume  equal  to  tliat  which  a 
solid  piezometer  would  undergo  in  the  same  circumstancea      In 
order,  then,  to  find  the  true  diminution  of  volume  of  the  liquid,  it  is 
necessary  to  increase  the  apparent  contraction  by  the  contraction  of 
the  envelope.     This  latter  element  varies  according  to  the 
quality  of  the  glass  of  which  the  envelope  is  composed,  but 
may  be  estimated  at  about  0000029  per  atmosphere  of  pres- 
sure.    The  true  compressibility  of  water,  according  to  recent 
experimenta  conducted  under  the  direction  of  M.  Jamin  by 
Messrs.  Amaury  and  Descamps,  is,  at  the  temperature  of 
15°  centigrade,  '0000157  per  atmosphere.      It  diminishes 
when  the  temperature  increases.      Alcohol  and  ether  are 
rather  more  compressible,  and  their  compressibility  (unlike 
that  of  water)  increases  with  the  temperature.     Mereury  is 
much  less  compressible  than  water.     Its  variations  of  volume 
may  therefore,  in  ordinary  experiments,  be  neglected. 

Gases  are  enormously  more  compressible  than  solids  and 
liquid&  This  is  easily  shown  by  the  pneumatic  syringe, 
Fig.  13.  It  is  a  cylinder  of  very  thick  glass,  closed  at  one 
end.  A  piston,  which  exactly  fits  the  tube,  is  made  to  enter 
the  other  end,  and  can  be  forced  in  until  the  air  is  reduced 
to  a  hal^  a  third,  or  a  tenth  of  its  original  volume. 

Hence  it  would  seem  to  follow  that  in  gases  the  spaces 
between  the  particles  are  much  greater  than  in  liquids  and 
solids,  and  consequently  that  there  is  much  less  matter  in 
the  same  volume.  The  same  conclusion  is  established  by 
the  comparison  of  specific  gravities.  To  give  on  idea  of  the 
difference,  it  may  suffice  to  mention  that  water,  when  con- 
verted into  steam,  at  the  ordinaiy  atmospheric  pressure, 
and  at  the  ordinary  temperature  of  boiling  water,  expands  ng.  u.- 
1700  times,  so  that  a  cubic  incli  of  water  gives  about  a  ^B)^^ 
cubic  foot  of  steam. 

23.  Elutici^. — This  term,  when  applied  to  solids,  is  used  in 
modem  physics  to  denote  the  property  in  virtue  of  which  a  body 
tends  to  recover  its  form  and  dimensions  when  these  are  forcibly 
dianged.     The  great  majority  of  solid  bodies  possess  almost  perfect 
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elasticity  for  small  deformations;  that  is  to  say,  when  distorted,  ex- 
tended, or  compressed  within  certain  small  limits,  they  will,  on  the 
removal  of  the  constraint  to  which  they  have  been  subjected,  return 
instantly  to  their  original  form  and  dimensions.  These  limits  (which 
are  called  the  limits  of  elasticity)  are  different  for  different  sub- 
stances; and  when  a  body  is  distorted  to  an  extent  exceeding  these 
limits,  it  takes  a  set,  the  form  to  which  it  returns  being  intermediate 
between  its  original  form  and  that  into  which  it  was  distorted. 

When  a  body  is  distorted  (using  this  word  to  include  extension  or 
compression  as  well  as  change  of  shape)  within  the  limits  of  its 
elasticity,  the  force  with  which  it  reacts  is  simply  proportional  to 
the  amount  of  distortion.  For  example,  the  force  required  to  make 
the  prongs  of  a  tuning-fork  approach  each  other  by  a  tenth  of  an 
inch,  is  precisely  double  of  that  required  to  produce  an  approach  of 
a  twentieth  of  an  inch ;  and  if  a  chain  is  lengthened  a  twentieth  of 
an  inch  by  a  weight  of  1  cwt.,  it  will  be  lengthened  t\j^t^^  ^^  *^  ^^^ 
by  a  weight  of  2  cwt,  the.  chain  being  supposed  to  be  sufficiently 
elastic  to  experience  no  permanent  set  from  this  greater  weight 
Also  (within  the  limits  of  elasticity)  equal  and  opposite  distortions 
are  resisted  by  equal  reactions;  for  example,  the  same  force  that 
suffices  to  make  the  prongs  of  a  tuning-fork  approach  by  ^V^^  ^^  *^ 
inch,  w^ill  suffice,  if  applied  in  the  opposite  direction,  to  make  them 
separate  by  the  same  amount 

An  important  consequence  which  can  be  mathematically  deduced 
from  the  laws  just  stated,  is  that  when  a  body  is  distorted  within 
its  limits  of  elasticity,  the  vibrations  which  ensue  when  the  constraint 
is  removed  have  periods  which  are  independent  of  the  magnitude 
of  the  distortion.  For  example,'  a  common  C  tuning-fork  makes 
about  528  vibrations  in  a  second  whether  vibrating  strongly  or 
feebly ;  by  whatever  amount  the  prongs  are  made  to  approach  eaoh 
other,  the  time  which  elapses  from  their  being  released  to  the 
attainment  of  their  greatest  separation  is  Yihz  ^^  ^  second,  and 
the  same  time  elapses  from  their  greatest  separation  to  their  nearest 
approach.  The  sum  of  these  two  intervals,  -^^  of  a  second,  is  the 
period  of  a  complete  vibration;  and  during  the  whole  time  that 
the  vibrations  are  dying  away  until  the  fork  finally  comes  to  rest, 
this  period  remains  unaltered,  the  diminution  of  distance  moved 
being  exactly  compensated  by  the  increasing  slowness  of  the  motion. 

India-rubber  has  very  wide  limits  of  elasticity.  Glass  has 
sensibly  perfect  elasticity  up  to  the  limit  at  which  it  breaks. 
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Putty  and  wet  clay  are  instaDoes  of  bodies  which  are  almost 
entirely  destitute  of  elasticity. 

The  resistance  of  a  cylindrical  or  prismatic  bar  to  elongation 
or  flexure  is  measured  by  a  number  called  "Toungs  modulus  of 
elasticity."  The  following  are  examples  of  its  value  for  different 
Bubstances»  in  kilogrammes  per  square  millimetre: — 


Flint-gla88, 5,851 

Brass, 10,948 

Sted, 21,798 


Iron  (wrought), 19,994 

Do.  (cMt), 18,741 

Copper, 12,558 


To  illustrate  the  meaning  of  this  table  by  the  case  of  steel;  a  steel 
wire  whose  section  is  a  square  millimetre  will  be  elongated  by  ttttt 
of  its  length  by  a  weight  of  one  kilogramma  The  elongation 
is  inversely  proportional  to  the  section  and  directly  proportional 
to  the  stretching  weight;  so  that  a  steel  wire  whose  section  is  half 
a  millimetre  will,  when  stretched  by  a  weight  of  six  kilogrammes, 
receive  twelve  times  the  elongation  above  specified. 

The  resistance  of  a  cylindrical  or  prismatic  bar  or  beam  to  bending 
(called  its  flexural  rigidity)  Ls  proportional  to  the  value  of  Young's 
modulus  of  elasticity  for  the  material  of  the  bar  or  beam ;  so  that 
from  the  dimensions  of  the  bar,  the  value  of  this  modulus,  and  the 
magnitudes  and  directions  of  the  externally  applied  forces,  the 
amount  of  bending  could  be  calculated. 

The  resistance  of  a  cylindrical  rod  to  twisting  (called  torsional 
rigidity)  does  not  depend  upon  the  value  of  Young's  modulus,  but 
upon  an  entirely  distinct  element,  an  element  which  is  sometimes 
called  simply  ''rigidity,"  and  which  expresses  the  resistance  which 
a  square  of  given  thickness  would  oppose  to  being  changed  by 
external  forces  into  a  rhombus  of  the  same  area,  having  angles 
differing  by  a  given  small  amount  from  right  angles. 

Elasticity  being  a  molecular  phenomenon,  it  is  to  be  expected 
that  all  circumstances  which  modify  the  molecular  constitution 
of  a  body  will  alter  its  elasticity ;  but  in  the  present  state  of  science 
it  is  impossible  to  predict  a  priori  the  nature  and  direction  of  the 
change,  the  effects  being  sometimes  opposite  for  different  substancea 
Thus  tempering  (that  is  to  say  heating  followed  by  sudden  cooling), 
which,  as  is  well  known,  augments  in  a  high  degree  the  hardness 
and  elasticity  of  steel,  produces  a  reverse  effect  on  the  bronze 
of  which  gongs  are  made.  This  alloy,  in  fact,  when  cooled  slowly, 
possesses  the  fragility  of  glass ;  whilst,  when  cooled  suddenly,  it  can 
be  wrought  with  the  hammer. 


I 


30  CONSTITUTION   OF  BODIES. 

The  elasticity  of  springs  furnishes  a  simple  means  of  comparing 
forces.  Fig.  14  represents  an  apparatus  designed  for  this  purpose 
and  called  a  dynamometer.  It  is  formed  of  two  plates  of  steel,  AB 
and  A'B',  jointed  at  their  extremities  to  two  metallic  bridles  which 
connect  them.  To  the  middle  of  the  upper  plate  is  attached  a  ring, 
by  means  of  which  the  apparatus  can  be  suspended  from  a  fixed 


Fig.  14.— Dymtmometer. 

point.  To  the  middle  of  the  lower  plate  is  attached  a  hook,  which 
can  either  receive  a  weight  or  serve  as  a  point  of  application  for 
the  force  which  is  to  be  tested.  Under  the  action  of  the  force  thus 
applied  the  spring  plates  bend,  the  distance  of  the  middle  points 
increases,  and  this  increase  serves  to  measure  the  force  itself;  or 
the  force  may  be  measured  by  observing  what  weight  must  be 
suspended  from  the  hook  to  produce  the  same  effect 

The  spring-balance  is  another  apparatus  of  the  same  kind.  In  its 
most  common  form  it  contains  a  spiral  spring  which  is  elongated  by 
the  application  of  the  force  which  is  to  be  measured.  The  equality 
of  the  graduations  illustrates  the  law  above  stated  of  the  proportion- 
ality of  distortions  to  the  forces  producing  them.  The  resistance 
of  a  spiral  spring  to  elongation  depends  chiefly  (as  shown  by  Pro- 
fessor James  Thomson)  on  the  torsional  rigidity  of  the  wire  which 
composes  it 

It  is  important  to  remark,  that  whereas  a  pair  of  scales  is  essen- 
tially a  measure  of  mass,  a  spring-balance  is  essentially  a  measure 
of  force.  Hence  if  a  spring-balance  be  graduated  so  as  to  show 
weights  correctly  at  a  medium  latitude,  it  will  indicate  too  little  if 
carried  to  the  equator  (where  the  force  of  gravity  is  feebler),  and 
too  much  at  the  poles  (where  gravity  is  more  intense). 


CHAPTER   IV. 
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24.  Terrestrial  gravity  is  the  force  in  virtue  of  which  all  bodies 
&I1  to  the  surface  of  the  earth.  This  force  is  general ;  its  effects  are 
observed  in  all  places  and  for  all  bodiea  If  some  of  these  latter,  ha 
smoke  and  hydrogen  gas,  appear  to  be  exceptions,  it  is  because  they 
are  sustained  by  the  air  in  the  same  manner  as  cork  is  sustained  by 
water.  In  space  deprived  of  air,  not  only  do  all  bodies  fall,  but,  as 
we  shall  see  later,  they  fall  with  equal  velocities 

25.  Direction  of  Gravity. — ^The  direction  of  ^ 
gravity  is  called  the  vertical.  It  is  easily 
detennined  by  the  aid  of  the  simple  ap- 
paratus called  a  plumb-line,  which  consists 
of  a  thread  fixed  at  one  end  and  carrying  a 
heavy  body  at  the  other.  When  the  system 
is  in  equilibrium  it  is  dear  that  the  result- 
ant of  the  actions  of  gravity  on  all  the  parts 
of  the  heavy  body  has  exactly  the  same 
direction  as  the  thread,  since  it  is  this  which 
prevents  the  fall  But  it  can  be  shown  that 
this  direction  does  not  change  when  the  form 
and  volume  of  the  heavy  body  are  altered, 
it  must  therefore  be  the  same  as  the  direc- 
tion of  the  force  which  would  act  upon  one 
of  the  elementary  particles  if  suspended 
alone  at  the  extremity  of  the  thread. 

It  can  be  shown  by  experiment  that  the 
direction  of  gravity  is  perpendicular  to  the  surface  of  a  liquid  in 
equilibrium,  or  to  use  the  common  expression,  to  the  surface  of  still 
water.     For  this  purpose  a  plumb-line  OA  is  suspended  over  the 


Fig.  15.— Plomb-lfaie. 


surface  of  a  fiuid  in  equilibrium  (which  shoald  be  slightly  opaque, 
as  blackened  water],  and  the 
plummet  is  allowed  to  plunge 
in  the  liquid.  The  image  AB 
of  the  thread  produced  by  re- 
flection at  the  surface  of  the 
liquid  will  be  seeu  with 
great  distinctness,  and  will 
be  observed  to  be  exactly  in 
a  line  with  the  thread  itself. 
Now  we  shall  see  in  a  sub- 
sequent part  of  this  trea- 
tise, that  whenever  reflec- 
tion takes  place  at  a  plane 
mirror,  each  point  of  the  ob- 
ject and  the  corresponding 
point  in  the  image  are  on 
the  same  perpendicular  to 
the  mirror  and  at  equal  dis- 
tances from  the  mirror  on  op- 
posite sides.  Since,  then,  in 
"■■  'tSSir'l.t.tS2.'".S2»t""'  the^perimentheredesoribed 
the  thread  and  its  image  are 
in  one  straight  line,  this  line  must  be  perpendicular  to  the  surface. 

The  surface  of  still  water  de- 
fines in  each  locality  what  is 
called  the  surface  of  the  earth. 
This  expression  denotes  the  sur- 
&ce  of  an  imaginary  ocean  of 
calm  water  supposed  to  cover 
the  whole  earth.  This  surface 
is  known  to  be  sensibly  spheri- 
cal. It  follows  that  the  diffe- 
rent verticals  will  nearly  meet 
in  the  centre  of  the  earth.  The 
figure  shows  the  relative  por- 
tion of  some  verticals  CZ,  CZ', 
CZ"j  it  is  evident  that  they 
Fii  i7.-v.rti«i.rtdim™tpi™  contain  angles  equal  to  the  an- 

gular distance  which  separates  the  corresponding  places. 
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At  any  one  locality  all  verticals  may  be  treated  as  parallel,  on 
ftccount  of  the  immense  distance  of  the  centre  of  the  earth.  Let  us 
calculate,  for  example,  the  angle  contained  between  two  verticals  a 
metre  (39*37  inches)  apart  Ten  millions  of  metres  correspond  to  a 
quarter  of  the  earth's  circumference,  that  is  to  say,  to  90^  A  length 
of  a  metre,  therefore,  represents  90"*  divided  by  ten  millions,  that  is 
to  say,  about  y^  of  a  second,  a  quantity  quite  inappreciable  even 
with  our  most  perfect  instruments.  It  should  be  remarked,  how- 
ever, that  the  parallelism  of  the  verticals  at  any  one  place  is  a 
physical  fact,  completely  independent  of  all  previous  knowledge  of 
the  figure  of  the  earth,  and  can  be  established  by  direct  observation. 
We  may  remark  in  passing,  that  the  latitudes  of  places  on  the 
earth  s  surface  are  determined  by  the  directions  of  the  verticals. 
What  is  commonly  called  the  latitude  of  a  place  is  the  angle  which 
a  vertical  at  the  place  makes  with  a  plane  perpendicular  to  the 
earth's  axis  of  rotation.  As  distinguished  from  this,  the  geocentric 
latitude  (which  is  required  in  a  few  astronomical  problems)  is  the 
angle  which  a  line  drawn  from  the  place  to  the  earth's  centre  makes 
with  a  plane  perpendicular  to  the  axis  of  rotation.  The  difference 
between  common  and  geocentric  latitude  generally  amounts  to  some 
minutes,  and  attains  its  greatest  value  (11'  29'^  at  latitude  45^ 

26.  Point  of  Application  of  Gravity— Centre  of  Gravity. — Gravity 
being  a  property  of  matter,  its  points 
of  application  must  evidently  be  the  dif- 
ferent material  particles  which  compose 
each  body.  Though  a  body  be  divided 
into  as  many  parts  as  we  please,  and 
even  reduced  to  the  state  of  impalpable 
powder,  each  of  the  grains  thus  obtained 
will  be  subject  to  the  action  of  gravity. 
The  total  force  which  urges  a  body  to 
£dl  is  the  sum,  or  more  strictly,  the  re- 
Boltant  of  all  the  forces  which  are  thus 
actually  applied  to  its  several  elements. 
Now  these  forces  are  parallel,  as  has  just 
been  stated,  and  act  in  the  same  direc- 
tion; their  resultant  is  therefore  equal  to 

their  sum,  and  it  constitutes  what  is  called  the  weight  of  the  body ; 
that  is  to  say,  the  force  with  which  it  presses  the  obstacle  which  pre- 
vents it  from  falUng.     The  point  of  application  G  of  this  resultant 
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(Fig.  18)  is  called  the  centre  of  gravity.  It  follows  from  the  pro- 
perty indicated  in  section  15,  that  the  position  of  this  point  does 
not  vary  when  the  direction  of  the  components  is  made  to  vary. 
The  body  can  therefore  be  turned  about  in  any  manner  without  the 
centre  of  gravity  changing  its  position  in  the  body.  It  is  a  fixed 
point  depending  only  on  the  form  of  the  body  and  the  distribution 
of  the  matter  which  composes  it 

If  the  body  has  the  same  density  throughout,  the  position  of  the 
centre  of  gravity  depends  only  on  the  figure,  so  that  in  this  case 
bodies  of  similar  form  have  their  centres  of  gravity  similarly  situated 

The  determination  of  the  position  of  the  centre  of  gravity  is  a 
problem  of  mechanics  which  is  solved  by  appropriate  methods  of 
general  application,  founded  on  the  principle  (to  which  we  can  here 
barely  allude),  that  if  a  body  be  divided  into  a  great  number  of 
equal  elements,  the  sum  of  their  distances  from  any  one  plane, 
divided  by  the  number  of  elements,  is  equal  to  the  distance  of  the 
centre  of  gravity  from  the  same  plane. 

Whenever  a  body  of  uniform  density  contains  a  point  which  is  a 
centre  of  symmetry  (that  is,  a  point  which  bisects  all  straight  lines 
drawn  through  it),  this  point  must  be  the  centre  of  gravity.    Hence: 

1.  The  centre  of  gravity  of  a  straight  line  is  its  middle  point; 

2.  The  centre  of  gravity  of  a  circle,  or  of  the  circumference  of  a 
circle,  is  the  centre; 

3.  The  centre  of  gravity  of  a  parallelogram  is  the  intersection  of 
the  diagonals; 

4.  The  centre  of  gm  vity  of  a  sphere  is  its  centre ; 

5.  The  centre  of  gravity  of  a  cylinder  is  the  middle  jpoint  of  its  azb; 

6.  The  centre  of  gravity  of  a  parallelopiped  is  the  common  inter- 
section of  the  diagonals,  &c. 

It  may  naturally  be  asked  how  we  can  speak  of  centres  of  gravity 
of  lines  and  surfaces,  which,  being  only  of  one  or  two  dimensions, 
cannot  possess  weight  The  answer  is,  that  in  so  speaking  we  make 
an  abstraction  analogous  to  that  which  gives  us  the  idea  of  a  material 
point  We  suppose  lines  or  surfeuses  composed  of  elements  possess- 
ing weight;  and  the  results  thus  obtained  can  be  utilized  in  investi- 
gating the  centres  of  gravity  of  real  bodies.  Consider,  for  example, 
a  triangular  prism.  It  can  be  conceived  as  decomposed  into  elements 
which  would  be,  so  to  speak,  heavy  triangles.  The  centre  of  gravity 
of  the  solid  would  therefore  be  in  the  line  which  joins  the  centres  of 
gravity  of  all  these  triangles,  and  would  be  its  middle  point     We 
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may  say  then  that  the  centre  of  gravity  of  a  triangular  prism,  and 
in  general  of  any  prism,  if  composed  of  homogeneous  material,  is  the 
middle  point  of  the  line  which  joins  the  centres  of  gravity  of  the 
two  end& 

We  must  guard  against  the  error  of  supposing  that  the  force  of 
gravity  on  a  body  acts  at  the  centre  of  gravity.  Gravity  reaUy  acts 
equally  on  all  the  particles  of  the  body;  but  its  effect  is  in  many 
respects  the  same  as  that  of  a  single  imaginary  force  supposed  to  act 
at  the  centre  of  gravity. 

The  centre  of  gravity  sometimes  lies  outside  the  body,  as  in  the 
case  of  a  ring  or  a  hollow  sphera  When  this  is  the  case,  it  must  be 
regarded  as  rigidly  connected  to  the  body. 

27.  PhjBioal  Definition  of  the  Centre  of  Gravity. — The  centre  of 
gravity,  regarded  from  the  mechanical  point  of  view,  is  in  reality 
merely  the  centre  of  parallel  forces  distributed  in  a  determinate 
manner.  Its  position  can  therefore  be  found  by  a  purely  geo- 
metrical investigation,  and  apart  from  any  physical  idea  of  the 
nature  of  bodies.  Nevertheless,  it  is  certain  that  the  discovery  of 
the  existence  of  centres  of  gravity  had  its  origin  in  the  consideration 
of  the  phenomena  of  equilibrium,  which  are  exhibited  by  bodies 
under  the  influence  of  gravity.  Experiment,  in  fact,  shows  that  in 
most  bodies  there  is  a  point  such  that,  if  it  be  supported,  the  body 
will  be  in  equilibrium,  and  if  it  be  not  supported,  the  body  will 
move  under  the  action  of  gravity.  This  point  is  the  centre  of 
graviiy,  and  the  property  in  question  is  an  obvious  consequence  of 
the  mechanical  definition  already  given.  But  this  property  may 
itself  be  used  as  the  definition  of  the  centre  of  gravity  (though 
with  some  want  of  precision).  We  shall  thus  use  it  in  the  examina- 
tion of  some  important  cases  of  equilibrium. 

S8.  Equilibrium  of  a  Body  capable  of  turning  about  an  Axis  or  a 
Kxed  Point. — Consider,  for  example,  a  triangular  plate  movable  about 
an  axis  of  rotation  O,  and  let  G  be  the  position  of  the  centre 
of  gravity.  In  order  that  there  may  be  equilibrium,  the  centre  of 
gravity  must  be  supported ;  that  is  to  say,  the  vertical  drawn  through 
it  must  meet  the  axis.  This  condition  may  be  fulfilled  by  two  very 
diSerent  positions  of  the  body:  the  centre  of  gravity  may  be  either 
above  or  below  the  axia  In  the  former  case  (Fig.  20)  it  is  evident 
that  if  the  body  be  ever  so  little  displaced  fix)m  its  position  of  equi- 
Hfarium,  the  effect  of  gravity  will  be  to  make  it  fall  stiU  further 
ftway.    In  the  second  case,  on  the  contrary  (Fig.  19),  the  action  tif 


gravity  tends  to  restore  the  body  to  the  position  of  equilibrium.    In 
the  former  case  the  equilibrium  is  unstahle;  in  the  latter  it  is  stable. 


fig.  It—SUMt  Equllibi 


Fig.  m.— Unltablt  Equilil 


We  see  then  that  the  condition  of  stable  equilibrium  is  that  t^e 
centre  of  gravity  be  below  the  axis 
or  point  of  auspension. 

The  toy  called  the  balancer  is  an 
application  of  thia  principle.  It 
consists  of  an  ivoiy  figure  resting 
by  one  point  on  a  small  horizontal 
stand.  Two  stiff  wires  fixed  to  the 
figure  terminate  below  in  leaden 
balls.  The  centre  of  gravity  of  the 
system  is  thns  brought  below  the 
point  of  support;  the  equilibrium 
is  consequently  stable.  If  we  draw 
the  figure  to  one  side  and  then  re- 
lease it,  it  will  perform  a  series  of 
ostuUations,  and  will  end  by  taking 
a  position  of  equilibrium  such  that 
the  vertical  through  the  centre  of 
gravity  passes  through  the  point  of 
support. 

If  a  body  were  teiversed  by  an 

Fig.  Sl.-BilM»r.  .  ^  ^        e  -i 

axis  througb  its  centre  of  gravity, 
its  equilibrium  would  be  neutral,  and  the  body  would  remun  in 


EQDILIBRinil  OF  BODIES.  37 

eqnilibrium  in  all  pomtions.  This  condition  ougbt  to  be  rigorously 
fulfilled  by  the  wheels  of  pieces  of  mechanism  which  only  serve  to 
transmit  motion. 

89.  Bqnilibriom  of  «  Body  resting  on  »  Horizontal  Plane  wUoh 
tooehes  it  in  one  Point — Consider  (Figa  22  and  23)  a  body  of 


fit-  ».— Diwliitil*  SqnJlibilDm.  Fi|.  S3.— SUbla  BquillbrlBm. 

ellipsoidal  form  resting  on  a  horizontal  plane.  In  order  that  there 
may  be  equilibrium  it  is  evidently  necessary  and  sufficient  that  the 
vertical  through  the  centre  of  gravity  O  should  meet  the  horizontal 
plane  at  the  point  of  contact.  We  see  by  the  figure  that  this  condi- 
tion may  be  realized  in  two  waya 

The  first  figure  corresponds  to  unstable,  the  second  to  atahle 
equilibrium.  The  figure  shows  that  in  the  latter  case  the  centre  of 
gravity  occupiea  ita  Unoeat  possible  position. 


The  tumbler  (Fig.  21)  is  founded  on  this  principle.  The  centre  of 
gravity  being  near  the  lower  side  in  consequence  of  the  accumulation 
of  matter  in  this  region,  the  apparatus  is  in  stable  equilibrium.     If 


it  be  removed  from  its  position  and  subjected  even  to  very  wide 
displacements,  it  always  rises  again  and  returns  to  its  position  of 
equilibrium  after  a  number  of  oscillations. 

If  the  centre  of  gravity  were  always  at  the  same  distance  from 
the  plane — if,  for  example,  the  body  were  spherical,  there  would  be 
equilibrium  in  all  positions, — the  equilibrium  would  be  neutral. 

We  may  remark  in  general  that  a  position  of  unstable  equilibrium 
is  only  mathematically  possible;  it  never  can  have  a  physical  exist- 
ence; for  the  smallest  derangement  destroys  it,  and  in  nature  a 
multitude  of  causes,  such  as  the  movement  of  the  air,  the  flexibility 
of  supports,  &C.,  introduce  displacements  which  violate  tbe  condiUons 
of  equilibrium.  If  there  be  any  actual  cases  of  such  equilibrium — 
if,  for  example,  it  is  possible  to  make  an  egg  stand  on  its  end,  it  is  by 
the  help  of  friction,  which  constitutes  a  new  force  tending  to  prevent 
displacement. 

80.  Eqnilibriiun  of  a  Body  resttog  on  a  Horizontal  Pluie  at  Mveral 
Points. — When  a  body  rests  on  a  horizontal  phuie  at  several  points. 


FI;.  SS — EqnltibriDin  of  a  Bod;  tdppaitsd  on  ft  IIoTliontal  Flus  nt  thru  at  mon  Polata. 

it  is  necessary  for  equilibrium  that  the  vertical  through  the  cenb« 
of  gravity  fall  within  the  convex  polygon  which  can  be  formed 
by  joining  the  points  of  support  It  is  clear  that  in  this  case 
gravity  will  have  no  effect  but  to  press  tlie  body  against  the 
plane.  It  is  also  obvious  that  the  equilibrium  will  be  the  more 
stable  as  tbe  centre  of  gravity  is  lower,  and  the  distance  of  the 
vertical  through  it  from  the  nearest  side  of  the  polygon  greater. 
If  tills  vertical  is  very  near  one  side,  a  small  force  will  be  suiBcient 
to  overturn  the  body  on  that  side,  although  a  very  great  force  may 
be  required  to  overturn  it  in  the  opposite  direction. 


TO  FIND  THE  CENTRE  OF  OBAVITT. 
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81.  Praotioal  Method  of  finding  the  Centre  of  aravitj.— The  dif- 
ferent methods  which  are  employed  in  practice  for  the  experi- 
mental determination  of  the  centre  of  ^psvity  are  dependent  on  the 
principles  above  explained  Whatever  be  the  particular  nature  of 
the  proceeding,  it  always  consists  in  placing  the  body  in  a  position 
of  equilibrium  from  which  it  can  be  inferred  that  the  centre  of  gravity 
lies  in  a  certain  line  or  surface. 

Thus,  for  example,  if  we  suspend  a  body  by  one  point,  it  is  dear 
that  the  centre  of  gravity  must  lie  in  the 
prolongation  of  the  suspending  thread. 
If  we  then  suspend  the  body  by  another 
point,  a  similar  inference  followa  Con- 
sequently, the  centre  of  gravity  must  be 
the  intersection  G  of  the  two  directions 
thus  indicated. 

If  we  wish,  for  example,  to  pierce  a 
plate  or  board  by  an  axis  which  is  to 
pass  throu^  its  centre  of  gravity,  we 
may  begin  by  balancing  it  in  a  horizontal 
position  upon  two  points  near  its  circum- 
ference. The  line  joining  them  will  pass 
vertically  under  the  centre  of  gravity. 
By  repeating  the  operation  we  may  find  a 

second  line  which  possesses  the  same  property,  and  the  required  axis 
must  pass  through  their  intersection  and  be  perpendicular  to  the  plate. 
Instead  of  balancing  the  plate  upon  two  points,  an  operation  which 
may  require  repeated  trials,  it  is  more  expeditious,  when  practicable, 
to  suspend  it  freely  in  a  vertical  position  by  a  point  near  its  circum- 
ference, and  to  suspend  a  plumb-line  from  the  same  point  The 
coarse  of  this  line  must  be  marked  on  the  plate,  and  the  operation 
must  then  be  repeated,  using  a  different  point  of  suspension.  The 
intersection  of  the  two  lines  thus  obtained  will,  as  before,  be  opposite 
to  the  centre  of  gravity  of  the  plate.  Both  the  methods  described 
in  this  paragraph  are  appUcable  even  to  plates  which  are  not  homo- 
geneous. 


Fig.  26.— Ezperimmtal  nefannination 
of  C«ntre  of  GrmTitjr. 


CHAPTER   V- 


ULWS    OF    FALLING    BODIES. 


32.  In  air,  bodies  fall  with  unequal  velocities;  a  sovereign  or  a 
ball  of  lead  falls  rapidly,  a  piece  of  down  or  thin  paper  slowly.  It 
was  formerly  thought  that  this  difference  was  inherent  in  the  nature 
of  the  materials;  but  it  is  easy  to  show  that  this  is  not  the  case,  for 
if  we  compress  a  mass  of  down  or  a  piece  of  paper  by  rolling  it  into 
a  ball,  and  compare  it  with  a  piece  of  gold-leaf,  we  shall  find  that 
the  latter  body  falls  more  slowly  than  the  former.  The  inequality 
of  the  velocities  which  we  observe  is  due  to  the  resistance  of  the 
air,  which  increases  with  the  extent  of  surface  exposed  by  the 
body.  . 

It  was  Galileo  who  first  discovered  the  cause  of  the  unequal 
rapidity  of  fall  of  different  bodies.  To  put  the  matter  to  the  test, 
he  prepared  small  balls  of  different  substances,  and  let  them  fall  at 
the  same  time  from  the  top  of  the  tower  of  Pisa ;  they  struck  the 
gi'ound  almost  at  the  same  instant.  On  changing  their  forms,  so  as 
to  give  them  very  different  extents  of  surface,  he  observed  that  they 
fell  with  very  unequal  velocities.  He  was  thus  led  to  the  conclusion 
that  gravity  acts  on  all  substances  with  the  same  intensity,  and  that 
in  a  vacuum  all  bodies  would  fell  with  the  same  velocity. 

This  last  proposition  coilld  not  be  put  to  the  test  of  experiment 
in  the  time  of  Galileo,  the  air-pump  not  having  yet  been  invented. 
The  experiment  was  performed  by  Newton,  and  is  now  commonly 
exhibited  in  courses  of  experimental  physics.  For  this  purpose  a 
tube  from  a  yard  and  a  half  to  two  yards  long  is  used,  which  can  be 
exhausted  of  air,  and  which  contains  bodies  of  various  densities,  such 
as  grains  of  lead,  pieces  of  paper,  and  feathera  When  the  tube  is 
full  of  air  and  is  inverted,  these  different  bodies  are  seen  to  fall  with 
very  unequal  velocities;  but  if  the  experiment  is  repeated  after  the 


I 


OAULIO'S  IHCUHED   PLANE.  41 

tabe  has  been  exhausted  of  air,  no  difference  can  be  perceived  between 
the  times  of  their  descenL 

SS.  Iawb  of  Falliiiff  Bodies. — Having  found  that  the  effect  of 
gravity  is  the  same  on  all  bodies,  Oalileo  proposed 
to  liimaelf  the  problem  of  determining,  by  experi- 
ments on  one  body,  the  law  which  regulates  their 
descent ;  and,  inasmuch  as  the  observation  of  a  body 
{ailing  freely  is  very  di£Gcult,  on  account  of  the 
rapidity  of  its  motion,  he  adopted  a  method  of 
diminishing  this  rapidity  without  in  other  respects 
altering  the  law  of  motion.  This  metbod  consisted 
in  the  use  of  the  inclined  plane. 

Consider,  in  fact,  a  heavy  body  M,  free  to  move 
along  the  inclined  plane  ABC.  The  weight  of  tbd 
body  M  being  represented  by  MP,  it  can,  (by  §  16), 
be  decomposed  into  two  other  forces,  viz.  MN  per- 
pendicular to  the  plane,  which  is  destroyed  by  the 
resistance  of  the  plane  itself  and  MT  parallel  to 
the  plane,  which  alone  produces  the  motion.  Now 
this  latter  force  is  less  than  MP,  but  is  a  constant 
fraction  of  it,  for  at  all  pointe  in  the  plane  the  paral- 
lel<^nm  of  forces  will  have  the  same  form,  and  the 
ratio  of  MT  to  MP  will  be  constant  This  ratio  is 
in  &ct  the  same  as  that  of  the  height  AC  of  the 
plane  to  its  length  AB,  or  in  other  words  is  the  sine 
of  the  inclination  of  the  plane  to  the  horizon.  The 
motion  will  therefore  be  less  rapid,  but  will  follow 
the  same  law  as  that  of  a  body  falling  freely,  and 
will  be  much  easier  to  observe.  The  diminution  of 
velodty  has  the  further  advantage  of  diminishing 
tbe  relative  importance  of  the  resistance  of  the  air, 
which  increases 
very  rapidly  with 
every  augments^  ^"to^^"**'" 
tion  of  velocity. 

The  inclined  plane  employed  by 

Fi^M.-i,>cii«dPiu»  Galileo  consisted  of  a  long  ruler, 

with  a  longitudinal  groove,  along 

vhich  he  caused  a  small  heavy  ball  to  rolL     Having  thus  observed 

tbe  spaces  traversed  in  1,  2,  and  3  units  of  time,  he  found  that  these 
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apacea  were  in  ^e  ratio  of  the  aumbers  1,  4,  and  9 ;  that  is  to  say, 
when  the  time  of  de- 
scent was  doubled  or 
tripled  the  space  tra- 
versed became  4  or  9 
times  greater.  This  law 
can  be  expressed  by  say- 
ing that  the  spaces  tra- 
versed are  proportional 
to  the  eguarea  of  the 
times  of  descent. 

84.  Attwood'B  Maeliina. 
—  Attwood,  a  fellow 
and  tutor  of  Trinity 
College,  Cambridge,  in- 
vented, towards  the 
end  of  last  centuty,  a 
machine  which  affords 
great  facilities  for  veri- 
fying the  laws  of  falling 
bodies.  It  involves,  like 
Galileo's  inclined  plane, 
a  method  of  diminishing 
the  velocity  of  descent ; 
but  this  result  is  ob- 
tained by  very  different 


The  machine  consists 
of  a  column,  having  at 
its  top  a  very  freely 
moving  pulley,  which 
forma  the  essential  part 
of  the  apparatua  In. 
order  to  obtain  great 
freedom  for  the  move- 
ments of  the  pulley,  the 
ends  of  its  axis  are  made 
to  rest,  not  on  fixed 
Fig,jB.-Ati-ood.K«i.i«*  supports,    but    on    the 

circumferences  of  wheels  (two  at  each  end  of  the  axis)  called  friction- 
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▼heels,  because  this  arrangement  produces  a  great  diminution  of 
friction.  Over  the  pulley  passes  a  fine  thread,  carrying  at  its 
extremities  two  equal  weights  P.  Neglecting  the  weight  of  the 
thread,  it  is  obvious  that  these  weights  will  be  in  equilibrium  in 
every  position.  If  however  one  of  them  be  loaded  with  an  additional 
weight  p,  the  system  will  be  put  in  motion,  and  all  parts  of  it  will 
move  with  the  same  velocity.  We  may  therefore  regard  the  moving 
force  as  distributed  uniformly  through  it  But  this  force  is  simply 
the  weight  of  p.  If  then,  for  example,  the  movable  system  2  P  +  j> 
has  20  times  the  weight  of  p,  each  portion  of  the  system  is  urged 
with  a  force  equal  to  -^  of  its  own  weight.  The  force  which  pro- 
duces motion  is  in  general  diminished,  as  compared  with  a  body 

fiJling  freely,  in  the  ratio  expressed  by  the  fraction  2Pir^>  '^^  ^ 

this  ratio  continues  constant  through  the  whole 
motion,  the  law  of  the  motion  wiU  be  the  same  as 
that  for  free  descent 

The  following  are  the  arrangements  for  observ- 
ing the  motion: — One  of  the  weights  moves  in 
front  of  a  graduated  scale^  and  a  plane  stop  for 
intercepting  the  descending  weight  can  be  fixed  at 
pleasure  at  any  part  of  this  scale.  A  clock  with  a 
pendulum  beating  seconds  serves  for  the  measure- 
ment of  tima  To  measure  the  space  traversed  in 
a  second,  the  weight  is  raised  to  the  commence- 
ment of  the  graduation,  is  then  loaded  with  the 
additional  weight,  and  is  dropped  precisely  at  one 
of  the  beats  of  the  pendulum.  The  stop  is  placed 
\fj  trial  at  such  a  point  of  the  scale  that  the 
blow  of  the  weight  against  it  precisely  coincides 
with  another  beat  of  the  pendulum, — a  coincidence 
which  can  be  obtained  with  great  accuracy,  inas- 
much as  the  ear  easily  detects  the  smallest  interval 

between  the  two  sounda      In  order  to  insure  a  '^^'"  ^JijfjJJJ^ijJS.  ^**' 
similar  coincidence  at  the  commencement  of  the 
fidl,  the  weight  is  supported  by  a  movable  platform  M  (Fig.  SO), 
which  is  prevented  from  falling  by  the  upper  end  of  the  lever  acb, 
whose  lower  end  is  guided  by  a  cam^  fixed  to  the  escapement  wheel 

^  A  cam  is  *  rotating  piece  which,  by  means  of  projections  or  indentations  in  its  out- 
fiae^  grddes  the  movements  of  another  piece  which  proanes  against  it. 
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of  the  clock,  and  is  kept  constantly  pressed  against  the  cam  by 
means  of  a  spring  not  shown  in  the  figure.  Suppose  the  wheel  to 
be  turning  in  the  direction  indicated  by  the  arrow.  It  is  obvious 
that  as  soon  as  the  tooth  of  the  cam  has  passed  the  end  of  the  lever 
the  latter  will  fly  to  the  left,  and  therefoi-e  the  upper  end  will  fly  to 
the  right,  since  the  lever  turns  about  an  axis  at  O.  The  platform  M 
is  thus  suddenly  dropped,  and  the  fall  commences.  The  position  of 
the  cam  must  be  so  adjusted  that  this  movement  shall  take  place 
exactly  at  the  instant  of  the  escapement  of  one  of  the  teeth. 

It  is  thus  easy  to  measure  the  spaces  traversed  by  the  movable 
'system  of  weights  in  1,  2,  and  3  seconds,  and  the  result  obtained 
will  be  as  follows: — Suppose  that   in   the  first  second  the  space 
traversed  is  11  divisions,  then  we  shall  find: 


traversed  in  2  seconds =  44  =  11x2* 

Space  traversed  in  S  seconds =  99  =  11x3* 

Space  traversed  in  4  seconds =176  =  11x4* 

We  see,  then,  that  the  spaces  vary  as  the  squares  of  the  times 
employed  in  describing  them.  If  we  use  the  indefinite  S3'mbol  K 
to  denote  the  space  described  in  the  first  unit  of  time,  the  space 
described  in  the  time  t  will  be  given  by  the  formula 

«=K<«.  (1) 

85.  Velocities. — Attwood's  machine  also  affords  the  means  of 
studying  the  successive  velocities  which  gravity  imparts  to  the 
system.  Before  describing  the  means  employed  for  attaining  this 
end,  it  will  be  desirable  to  make  a  few  remarks  respecting  velocity. 

When  a  material  point  moves  uniformly;  that  is  to  say,  when  it 
traverses  equal  spaces  in  equal  times,  the  meaning  of  velocity  is  per- 
fectly clear :  it  is  the  space  traversed  in  unit  tima  Thus,  if  a  point 
moving  uniformly  describes  2  feet  in  each  second,  we  say  that  the 
velocity  is  2  feet  per  second ;  or  if  it  is  understood  that  the  foot  and 
second  are  to  be  our  units  of  space  and  time,  we  simply  say  that  the 
velocity  is  2.  If  a  point  moving  uniformly  describes  5  feet  in  2 
seconds,  its  velocity  is  2i,  since  the  space  described  in  one  second 
must  be  half  that  described  in  two;  and  in  general,  in  any  case  of 
uniform  motion  of  a  point,  the  velocity  (in  feet  per  second)  will  be 
obtained  by  dividing  the  whole  space  (in  feet)  by  the  whole  time 
occupied  in  its  description  (in  seconds). 

But  uniform  motion  is  in  nature  the  exception  rather  than  the 
rule.     In  fact,  it  can  only  occur  when  the  moving  body  is  acted  on 
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either  by  no  forces  at  all,  or  by  forces  in  equilibrium.  This,  in  fact, 
is  merely  a  statement  of  the  principle  of  inertia.  When  a  body  is 
ooDstantly  acted  on  by  a  force,  this  force  must  evidently  have  the 
effect  of  continually  modifying  the  motion,  and  consequently  the 
above  mode  of  computing  velocity  is  not  directly  applicable.  If, 
however,  we  suppose  the  action  of  the  force  suddenly  to  cease,  the 
motion  will  become  uniform,  and  the  velocity  during  this  uniform 
motion  wiU  serve  as  a  measure  of  the  velocity  which  existed  at  the 
instant  when  the  action  of  the  force  ceased. 

Attwood*8  machine  contains  an  arrangement  for  thus  suddenly 
arresting  the  action  of  gravity  at  a  given  instant  For  this  purpose, 
a  ring  large  enough  to  allow  either  of  the  two  equal  weights  to  pass 
through  it,  is  to  be  fixed  at  the  point  of  the  scale  at  which  the 
moving  weight  arrives  at  the  end  of  one  second.  The  additional 
weighty  which  for  this  purpose  is  made  long  and  fiat,  is  intercepted 
by  the  ring,  and  the  subsequent  motion,  being  due  merely  to  the 
momentum  already  acquired,  will  be  imiform.  The  stop  is  to  be 
placed  at  the  point  at  which  the  weight  arrives  a  second  later.  The 
distance  between  the  ring  and  the  stop  will  then  represent  the  velo- 
dty  acquired  during  the  first  second.  Making  this  experiment 
under  the  same  conditions  as  the  foregoing  experiments  on  spaces, 
we  find  that  the  velocity  acquired  during  the  first  second  is  repre- 
sented by  22  divisiona  We  then  place  the  ring,  at  the  point  at 
which  the  system  arrives  after  2,  3,  &&,  seconds,  and  the  stop  at  the 
point  at  which  it  arrives  a  second  later;  we  thus  measure  the  velocities 
acquired  in  2,  3,  &c.,  seconds,  and  find  them  equal  to  44,  €6,  &a  We 
see,  then,  that  the  velocities  acquired  in  different  times  are  propor- 
iwnal  to  the  times.  Further,  the  velocity  acquired  in  one  second,  22 
(divisions  per  second),  is  double  of  the  space,  11  (divisions),  described 
in  the  first  second. 

In  formula  (1),  E  denotes  the  space  described  in  the  first  unit  of 
time;  the  velocity  acquired  is  then  2K,  and  consequently  the  velo- 
city acquired  in  time  t  is  given  by  the  formula 

V=2K<.  (2) 

36.  Attwood's  machine,  when  fitted  with  the  appliances  above 
described,  leaves  little  to  be  desired  in  point  of  accuracy,  but  its 
complication  renders  it  expensive.  We  subjoin  a  figure  representing 
Bourbouze's  modification  of  Attwoods  machine,  which  is  much 
simpler.     AB  is  the  pulley,  on  the  axis  of  which  is  a  cylinder  P, 
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surrounded  with  smoked  paper.     One  of  the  iron  weights,  M,  is  held 
at  the  bottom  of  the  apparatus  bv  an  electro-magnet,  which  is  mi^- 
netized  by  means  of  the  gal- 
vanic   cell    O.      The   weight 
M',  loaded  with  the  additional 
weight  N,  is  thus  prevented 
from    obeying    the    force    of 
gravity.    Again,  the  vibrating 
plate  L,  carrying  a  very  lig^t 
style  for  tracing  a  mark  on 
the  amoked  cylinder,   is  held 
by    the    electro  -  magnet,    E', 
which  is  monetized  by  the 
same  cell     If  at  any  moment 
the  current  is  interrupted,  the 
weight  M'  falls,  and  the  plate 
vibrates,  describing  an  undu- 
lated curve  on  the  surface  of 
the  cylinder.    The- undulations 
of  this  curve  correspond  to  the 
vibrations  of  an  elastic  body, 
and,   consequently,  to    equal 
times;  while  the  distAnce  of 
any  undulation  from  the  be- 
V       ginning  of  the  curve  is  equal 
to  the  distance  turned  by  the 
cylinder  P,  and  is  consequently 
proportional   to   the   distance 
travelled     by     the     weights. 
These  distances  are  found  to  be  exactly  proportional  to  the  series  of 
numbers  1,  4,  9,  Sai.     The  ring  D  serves  to  intercept,  at  a  given 
instant  during  the  descent,  the  additional  weight  N ;  from  this  time 
onward  the  motion  is  uniform  and  the  undulations  of  the  curve  are 
equidistant 

Attwood's  machine,  however  modified,  gives  only  indirect  evidence 
r^arding  the  motion  of  bodies  falling  freely.  Although  this  cir- 
cumstance cannot  affect  the  legitimacy  or  accuracy  of  the  conclusions 
to  which  it  leads,  it  would  be  interesting,  if  possible,  to  observe  tiie 
phenomenon  of  free  fall,  and  show  that  the  laws  juat  obtained  are 
verified.     This  is  the  object  of  Morin's  apparatus. 


HOBUi's   APPABATUS.  47 

37.  Koiin's  Appsntiu. — UoHd's  apparatus  consists  of  a  wooden 
cylinder  covered  with  paper,  which  can  be  set  in  uniform  rotation 
about  its  axis  by  the  fall  of  a  beavy  weight     The  cord  wbicb  sup- 
ports the  weight  is  wound  upon  a  drum,  furnished  with  a  toothed 
wheel   which  works  on 
one  side  with  an  endless 
screw  on  the  axis  of  the 
cylinder,  and  on  the  other 
drives  an  axis  carrying 
fans  which  serve  to  regu- 
late the  motion. 

In  front  of  the  turn- 
ing cylinder  is  a  cylin- 
dro-conical  weight  of 
cast-iron  carrying  a  pen- 
dl  whose  point  presses 
agunst  the  paper,  and 
having  ears  which  slide 
on  vertical  threads,  serv- 
ing to  guide  it  in  its  fklL 
By  pressing  a  lever,  the 
weight  can  be  made  to 
fall  at  a  chosen  moment. 
The  proper  time  for  this 
is  when  the  motion  of 
the  cylinder  has  become 
sensibly  uniform.  It  fol- 
lows from  this  arrange- 
ment that  during  its  ver- 
tical motion  the  pendl 

will  meet  in   sncceseion  ^    ^,  -jiorm-.  Apinr.ti«.  "" 

tjie  different  generating 

lines'  of  the  revolving  cylinder,  and  will  consequently  describe  on 
its  surface  a  certain  curve,  from  the  study  of  which  we  shall  be 

'Tlut  u,  liun  dnwn  on  the  snrbce  of  the  cjlinder  parallel  to  it<  uii.  A  cylindric 
nn^os  caald  obrioiuly  be  deecribed  by  the  motion  of  a  Mnight  line  in  >p*oe.  The  line 
■0  moTisg  it  nid  to  genarate  the  cjlindiio  mrfaoe,  and  the  diffbrent  poaitioiii  which  it 
niiiiMJiLtj  oocapie*  in  it*  mppoeed  motioD  xe  called  generating  linee  of  tlie  eylioder. 
U  ■  ^lindiic  mrfaca  ia  out  open  along  ■  generatiiig  line  and  flattened  ont  m  aa  to  becdna 
time,  ita  form  will  be  teotangular,  and  ite  generating  line«  will  be  parallel  to  two  ndea  of 
Uk  leetangle. 
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able  to  gather  the  law  of  the  fall  of  the  body  which  has  traced  it. 
With  this  view,  we  describe  (by  turning  the  cylinder  while  the 
pencil  is  stationary)  a  circle  passing  through  the  commencement  of 
the  curve,  and  also  draw  a  vertical  line  througb  this  point  We  cut 
the  paper  along  this  latter  line  and  develop  it  (that  is,  flatten  it  out 
into  a  plane).  It  then  presents  the  appearance  shown  in  Fig.  33. 
If  we  take  on  the  horizontal  line  equal  distances  at  1,  2,  3, 4,  5  .  .  .  , 

and  draw  perpendiculars  at  their  extremi- 
ties to  meet  the  curve,  it  is  evident  that 
the  points  thus  found  are  tbose  which  were 
traced  by  the  pencil  when  the  cylinder 
had  turned  through  the  distances  1,  2,  3, 
4,  5.  .  .  .  The  coiTesponding  verticals  re- 
present the  spaces  traversed  in  the  times 
],  2,  3,  4,  5.  .  .  .  Now  we  find,  as  the 
ic  figure  shows,  that  these  spaces  are  repre- 
sented by  the  numbers  1,  4,  9,  lf>^  25  .  .  .  , 
thus  verifying  the  principle  that  the  spaces 
described  are  proportional  to  the  squares  of 
25  the  times  employed  in  their  description. 
We  may  remark  that  the  proportionality 
of  the  vertical  lines  to  the  squares  of  the 
horizontal  lines  shows  that  the  curve  is  a  paraboku  The  parabolic 
trace  is  thus  the  consequence  of  the  law  of  fall,  and  from  the  fact 
of  the  trace  being  parabolic  we  can  infer  the  proportionality  of  the 
spaces  to  the  squares  of  the  times. 

The  law  of  velocities  might  also  be  verified  separately  by  Morin*s 
apparatus;  we  shall  not  describe  the  method  which  it  would  be 
necessary  to  employ,  but  shall  content  ourselves  with  remarking 
that  the  law  of  velocities  is  a  logical  consequence  of  the  law  of 
spaces.^ 

38.  Formnte  relating  to  Falling  Bodies. — The  formulae  (1)  and  (2), 
§§  34,  35,  will  enable  us  to  obtain  numerical  solutions  of  questions 
relating  to  the  fall  of  bodies,  if  we  can  ascertain  the  space  traversed 

^  Consider,  in  fact,  the  space  trayersed  in  any  time  t,  this  space  is  given  by  the  formula 
s=Ei*;  during  the  time  <+tf  the  space  traversed  wiU  be  Ka  +  tf)*=Kt^+2K«9  +  Ktf', 
whence  it  follows  that  the  space  traversed  during  the  time  0  after  the  time  t  is  2Kftf + 
Ktf*.  The  average  velocity  during  this  time  0  is  obtained  by  dividing  the  space  by  0, 
and  is  2K<+Ktf,  which,  by  making  0  very  small,  can  be  made  to  agree  as  accurately  as 
we  please  with  the  value  2'Kt.  This  limiting  value  2Kt  must  therefore  be  the  velocity  at 
the  end  of  time  t, — D* 


Fig.  S3.— Punbolio  Trace. 


<-.  "q 


FOBHUUE  BELATINQ  TO  FALLING  BODIES. 


49 


by  a  falling  body  in  one  second,  or  (which  will  be«numerically  double 
of  this)  the  velocity  acquired  in  one  second. 

The  several  forms  of  apparatus  which  we  have  been  describing 
famish  the  means  of  making  this  determination,  but  not  with  much 
precision.  A  much  better  method  of  determination  is  furnished  by 
the  pendulum,  and  wiU  be  described  in  the  next  chapter. 

The  result  obtained^is  that  in  Great  Britain  the  velocity  acquired 
by  a  body  falling  in  vacuo  for  one  second  is  32*2  feet  per  second,  or 
9-81  metres  per  second.  The  velocity  in  question  is  usually  denoted 
by  the  letter  g,  and  is  sometimes  called  the  intensity  of  gravity, 
because  its  value  for  different  localities  varies  in  the  same  ratio  as 
the  force  exerted  by  gravity  on  one  and  the  same  mass,  and  may 
therefore  be  taken  as  the  numerical  representative  of  the  force  of 
gravity  on  unit  mass.^ 

The  space  traversed  during  the  first  second  of  fall  is  equal  to  ^  9, 
that  is,  to  161  feet 

Introducing  g  into  the  formulae  (1),  (2),  they  become: 


V  ^g  t 


Eliminating  t  from  the  equations  (a),  (6),  we  obtain  a  third  formula, 
which  gives  the  velocity  acquired  in  fiedling  through  a  given  space: 

89.  Applicationa. — ^I.  To  calculate  the  space  traversed  by  a  body 
which  Mis  during  a  given  number  of  seconds.  This  will  be  found 
from  formula  (a)  by  putting  for  t  the  given  number  of  seconda 
Performing  the  calculation  as  far  as  10  seconds,  we  obtain  the  fol- 
12  table: — 


nVB  or  FALL, 

8PACB  TAUJOt, 

Tim  or  VAix, 

SPACI  rALLEV, 

iaSeoonds. 

in  Feel 

inSeoondiu 

in  Feet. 

1       .     .     .     . 

161 

6      .     .     .     . 

579-6 

2      .     .     .     . 

64-4 

7      .    .    .     . 

788-9 

8      .    .     .     . 

144-9 

8      .    .    .     . 

1030-4 

4      .     .     •     . 

257-6 

9      .    .    .    . 

18041 

6      .     .     .     . 

402-5 

10      .... 

1610-0 

1 

IL  What  is  the  time  occupied  by  a  body  in  falling  from  a  height  of 
of  750  feet,  and  what  is  the  velocity  with  which  it  strikes  the  ground? 

'n  WB  adopt  the  ''abeolate"  inut  of  force  defined  in  §  42,  the  force  of  gravity  on  unit 
wiU  be  ninnerically  eqnal  to  g, 
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Formulae  (a)  and  (c)  give: 

t=.  /  —  =   .  / =  6'8  seconds. 

V    ^        V    32-2  «^"""». 

t>  =  ^2g  B  =  V6*'*  ^  750  =  219-8  feet  per  second. 

III.  From  what  height  must  a  body  fall  to  acquire  a  velocity  of 
1500  feet  per  second? 
Formula  (c)  gives: 

2  ^  64*4 

The  velocity  of  1500  feet  per  second  is  about  that  of  a  cannon-ball 
on  leaving  the  muzzle  of  the  gun.  We  see  that  it  would  be  obtained 
by  falling  from  a  height  of  about  G^  miles.  The  duration  of  the 
fall  would  be  about  47  seconds.  It  must  be  borne  in  mind  that  the 
formulae  (a),  (6),  (c)  are  only  strictly  applicable  to  fall  in  vacuo.  In 
air  they  furnish  results  more  and  more  remote  from  the  truth,  as  the 
velocity  increases. 

In  vacuo,  a  body  thrown  upwards  from  the  earth  would,  on  its 
return,  strike  the  ground  with  a  velocity  equal  to  that  with  which 
it  was  thrown,  and  the  velocity  at  any  given  point  which  it  traverses 
both  in  its  upward  and  downward  course,  would  be  the  same  in  the 
descent  as  in  the  ascent.  We  see  then  from  above  that  a  cannon- 
ball  would  ascend  to  a  height  of  about  6^  miles.  In  air,  the  velocity 
is  slower  in  the  descent  than  in  the  ascent,  both  because  the  height 
attained  by  the  projectile  is  less  than  it  would  be  in  vacuo,  and  be- 
cause the  velocity  acquired  in  falling  from  this  diminished  height  ifi 
still  further  diminished  by  friction  in  the  descent. 

One  notable  difference  between  fall  in  vacuo  and  in  air  is,  that  in 
the  latter  case  the  velocity,  instead  of  increasing  indefinitely,  only 
increases  towards  a  certain  limit  whicli  it  can  never  exceed ;  and  if 
a  body  be  projected  downwards  with  a  velocity  greater  than  this, 
its  motion  will  be  retarded.  The  resistance  of  the  air,  in  fact,  in- 
creases with  the  velocity,  and  the  limit  in  question  is  that  velocity 
at  which  the  resistance  encountered  from  the  air  is  exactly  equal  to 
the  weight  of  the  body.  The  limiting  velocity  is  not  the  same  for 
all  bodies,  but  depends  on  their  sizes,  densities,  and  forms. 

89a.  Motion  of  Projectiles. — When  a  body  is  projected  in  any  direc- 
tion, its  subsequent  motion  (neglecting  the  resistance  of  the  air) 
can  be  determined  by  means  of  the  following  principles : — 

1.  The  horizontal  component  of  motion  will  remain  unchanged. 
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2.  The  vertical  component  of  motion  will  be  the  sum  or  difference 
(according  as  the  body  was  projected  below  or  above  the  horizontal 
direction)  of  the  motion  of  a  body  falling  freely,  and  the  vertical 
component  of  the  initial  motion. 

These  principles  are  sufficient  to  determine  the  position,  the 
velocity,  and  the  direction  of  motion  of  the  body,  after  the  lapse  of 
any  given  interval,  until  it  strikes  an  obstacle. 

By  reference  to  Fig.  S3,  it  will  easily  be  understood  that,  if  the 
direction  of  projection  be  horizontal,  the  curve  described  will  be  a 
parabola;  for,  in  virtue  of  the  first  principle,  the  body  describes 
equal  horizontal  distances  in  equal  times;  and  in  virtue  of  the 
second  principle  (since  the  vertical  component  of  initial  motion  is  in 
this  case  zero),  the  vertical  spaces  described  are  those  of  a  body  fall- 
ing freely;  hence  the  construction  of  Fig.  33  is  precisely  applicable 
to  this  case. 

If  the  direction  of  projection  be  oblique  (that  is,  neither  horizontal 
nor  vertical),  the  path  will  still  be  parabolia  For  example,  if  the 
body  be  projected  obliquely  upwards,  we  may  divide  its  path  into 
two  parts,  one  described  in  its  ascent,  the  other  in  its  descent.  These 
two  parts  will  be  precisely  similar,  and  at  the  highest  point  of  the 
path,  where  they  join,  the  motion  is  horizontal.  We  may  regard  the 
curve  in  Fig.  33  as  representing  one  of  the  two  parts,  say  the  descend- 
ing part;  for  the  motion,  after  passing  the  highest  point,  must  evi- 
dently be  the  same  as  if  the  body  had  been  projected  horizontally 
from  the  highest  point  with  the  velocity  which  it  actually  has  at 
that  point.  This  velocity  is,  in  fact,  the  horizontal  component  of  the 
actual  velocity  of  projection. 

If  a  body  be  projected  vertically  downwards,  its  motion  will  be 
the  same  as  if  it  had  fallen  from  a  certain  height  above.  If  it  be 
projected  vertically  upwards,  the  times  of  ascent  and  descent  will  be 
equal,  and  the  velocity  at  any  one  point  will  be  the  same  in  the  de- 
scent as  in  the  ascent  At  the  highest  point  the  body  is  for  an  instant 
stationary ;  its  descent  is  therefore  the  motion  of  a  body  falling  freely. 
Formulae  (a),  (6),  (c)  of  §  38  will  apply  to  the  ascent  as  well  as  the 
descent,  if  in  the  former  case  we  understand  that  the  time  denoted 
by  t  is  the  time  reckoned  backwards  from  the  instant  of  attaining 
the  highest  point 

Whether  the  motion  be  in  a  vertical  line,  or  in  a  parabola,  the  fol- 
lowing principle  will  be  found  to  apply,  being  in  fact  the  mathe- 
matical consequence  of  the  two  principles  already  enunciated,  viz. : — 


52  LAWS  OF  FALLING  BODIES. 

The  velocity  is  the  same  in  the  ascent  and  descent  at  any  two 
points  which  are  on  the  same  level ;  and  the  velocities  at  any  two 
points,  not  on  the  same  level,  are  connected  by  the  law  that  the  dif- 
ference of  their  squares  is  equal  to  the  difference  of  levels  multiplied 
by  2  gr. 

40.  Composition  of  Motions.— Principle  2  of  last  section  is  a  par- 
ticular case  of  the  following  general  law: — 

When  a  force  acts  upon  a  body  already  in  motion,  the  subsequent 
motion  will  be  obtained  by  compounding  (in  the  same  manner  as 
forces  are  compounded  by  the  parallelogram  of  forces)  the  motion 
which  the  force  would  have  imparted  to  the  body  if  initially  at  rest, 
with  the  motion  which  the  body  would  have  had  in  the  absence  of 
the  force.  The  law,  as  thus  stated,  is  applicable  without  qualification 
as  long  as  the  force  continues  to  act  parallel  to  a  definite  direction. 
In  the  case  of  forces  which  do  not  fulfil  this  condition,  but  gradually 
change  their  direction  in  space,  the  motion  may  be  approximately 
determined  by  dividing  the  time  into  intervals  so  short,  that  the 
direction  of  the  force  does  not  change  by  a  sensible  amount  during 
any  one  interval.  Tlie  motion  in  each  interval  can  then  be  deter- 
mined by  the  above  law.  It  is  frequently  possible,  by  the  aid  of  the 
higher  mathematics,  to  foresee  the  exact  result  to  which  this  tedious 
method  would  only  approximately  lead,  but  the  physical  principles 
on  which  the  investigation  is  conducted  are  in  all  cases  those  which 
we  have  above  indicated. 

41.  Uniform  Acceleration. — ^The  general  law  above  stated  is  ex- 
emplified in  the  case  of  gravity.  In  fact,  if  a  denote  the  space 
traversed  in  the  first  second  of  a  falling  body's  descent,  the  space  in 
two  seconds  is  4a,  and  consequently  the  space  traversed  in  the 
second  second  is  *Sa.  Now  the  velocity  at  the  end  of  the  first  second 
is  2a,  and  this  velocit}'^,  if  it  remained  unchanged,  would  cause  the 
space  2a  to  be  traversed  in  the  next  second.  Hence  the  space  3a 
actually  described  may  be  divided  into  two  parts,  2a  and  a,  of  which 
the  latter  is  due  to  the  continued  action  of  the  force  of  gravity  during 
the  second  second. 

In  like  manner  the  space  described  in  the  third  second  is  9a  — 4a, 
that  is,  5a,  which  may  be  divided  into  two  parts,  4a  and  a,  of  which 
the  latter  alone  is  due  to  the  action  of  gravity  during  the  third 
second,  the  former  being  due  to  the  velocity  4a,  which  the  body 
possessed  at  the  end  of  the  preceding  second. 

So,  again,  the  velocity  acquired  by  the  body  in  the  first  second 
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being  2a,  the  velocity  at  the  end  of  any  subsequent  second  will  be 
found  to  be  the  sum  of  two  parts,  one  of  which  is  the  velocity  at  the 
beginning  of  the  second,  and  the  other  is  2a, 

Motion  possessing  these  properties  is  said  to  be  uniformly  accele- 
rated;  and  the  force  which  produces  it  is  a  uniformly  accelerating 
force,  that  is  to  say,  a  constant  force. 

The  force  of  gravity,  however,  is  sensibly  constant  only  within 
moderate  limits  of  distance  from  the  earth's  sm-face ;  as  we  ascend 
from  the  earth  its  intensity  continually  diminishes,  being  nearly  pro- 
portional inversely  to  the  square  of  the  distance  from  the  earth's 
centre.  Hence  a  body  falling  in  vacuo  from  a  great  height  towards 
the  earth,  would  not  be  uniformly  accelerated,  but  would  experience 
continually  greater  acceleration  as  it  descended.  On  the  other  hand, 
if  there  were  a  vacuous  shaft  down  which  a  body  could  fall  to  the 
centre  of  the  earth,  it  would  fall  with  continually  diminishing  accele- 
ration, because  the  force  of  gravity  in  the  interior  of  a  solid  sphere 
diminishes  as  we  approach  the  centre,  and  becomes  zero  at  the  centre 
itself,  where  the  attractions,  being  equal  in  all  directions,  destroy  one 
another.  A  body  so  falling  would  have  its  velocity  continually  in- 
creased, but  the  rate  of  increase  as  measured  by  the  difference  be- 
tween  the  velocity  at  the  beginning  of  a  second  and  that  at  the  end 
of  it,  would  continually  become  less.  The  words  italicized  in  last 
sentence  constitute  the  definition  oi  acceleration.  It  denotes  the  rate 
of  increase  of  velocity,  just  as  velocity  itself  denotes  the  nite  of  increase 
of  distance  measured  along  the  path  described  from  a  fixed  point. 

42.  Proportionality  of  Acceleration  to  Force  directly  and  to  Mass 
inyeraely. — ^The  general  law  of  motion  enunciated  in  §  40  may  be 
extended  to  the  case  of  several  forces  acting  simultaneously.  The 
actual  motion  will  be  obtained  by  compounding  (on  the  parallelo- 
gram principle)  the  motions  due  to  the  separate  forces  together  with 
the  motion  (if  any)  due  to  the  initial  velocity.  Just  as  two  forces 
acting  on  a  point  in  the  same  direction  are  equivalent  to  a  single 
force  equal  to  their  sum ;  so  two  motions  in  the  same  direction  con- 
stitute, when  compounded,  a  motion  equal  to  their  sum;  and  this  is 
true,  both  as  regards  velocity  and  space  described.  Two  equal  forces 
acting  on  a  body  in  the  same  direction,  will  therefore  produce  in  any 
given  time  double  the  velocity  that  one  of  them  would  have  pro- 
duced alona  We  are  thus  led  to  the  general  principle,  that  the 
velocities  produced  in  equal  bodies  by  different  forces  are  simply 
proportional  to  the  forces. 
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The  above  reasoning  is  not;  offered  as  an  d  priori  proof  of  the 
general  principle  in  question,  but  as  a  logical  deduction  of  it  from  the 
law  of  composition  of  motions  due  to  several  forces.  The  propor- 
tionality of  velocity  to  the  force  which  produces  it  can  be  proved 
experimentally  by  Attwood's  machine,  and  in  other  ways ;  and  the 
law  of  composition  in  question  must  be  regarded  as  established  by 
the  experimental  verification  of  these  and  other  consequences  to 
which  it  leads. 

From  the  direct  i)roportionality  of  velocity  to  the  force  by  which 
it  is  generated,  when  the  mass  is  given,  we  may  infer  the  inverse 
proportionality  of  velocity  to  the  mass  which  is  set  in  motion,  when 
the  force  is  given.  For  instance,  if  we  double  the  mass,  leaving  the 
force  unchanged,  we  may  resolve  the  force  into  two  equal  parts, 
acting  one  on  each  half  of  the  mass.  Doubling  the  mass  has,  there- 
fore, the  same  effect  on  the  motion  as  halving  the  forca 

The  velocity  generated  in  a  given  time  is  thus  proportional  to  the 
moving  force  divided  by  the  mass  moved;  from  which  it  follows  that 
force  is  proportional  to  the  product  of  mass  by  velocity  generated  in 
a  given  time. 

When  force  is  expressed  in  terms  of  the  "absolute"  or  ** invariable" 
unit,  first  proposed  by  Gauss,  we  can  assert  that  the  moving  force  is 
eqvxil  to  the  product  of  the  mass  moved,  and  the  velocity  generated 
in  a  unit  of  time.^  For  example,  since  the  force  of  gravity  on  a  body 
weighing  M  pounds  causes  it  to  acquire  a  velocity  of  g  feet  in  {t 
second,  this  force  is  numerically  equal  to  M^,  it  being  understood 
that  the  pound  is  the  unit  of  mass,  and  the  foot  and  second  the  units 
of  space  and  time. 

That  the  pound  is  really  and  strictly  a  standard  of  mass  is  obvious 
from  the  consideration  that  the  standard  pound  is  a  certain  piece  of 
platinum,  preserved  at  the  office  of  the  Exchequer  in  London,  and 
that  this  piece  of  platinum  would  remain  a  true  pound  if  carried  to 
any  part  of  the  earth. 

At  any  one  place,  since  g  has  a  given  value,  the  masses  of  bodies 
are  proportional  simply  to  their  weights,  but  this  proportion  obviously 
does  not  hold  in  the  comparison  of  masses  at  places  where  the  values 
of  ^r  are  different.  When  a  body  is  carried  about  to  different  parts  of 
space,  its  mass,  or  quantity  of  matter,  remains  of  course  the  same, 

^  The  absolute  unit  of  force  may  be  defined  as  that  force  which,  acting  on  unit  mass  for 
unit  time,  would  generate  unit  velocity.  The  force  of  gravity  on  unit  mass  contains  ff  sach 
units. 
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bnfc  its  weight  alters  in  proportion  to  the  greater  or  less  intensity  of 
gravity; — ^for  instance,  at  the  centre  of  the  earth,  regarded  as  a 
uniform  sphere,  its  weight  would  be  nothing,  This  annihilation  of 
its  weight  would  in  no  way  affect  its  resistance  to  acceleration.  The 
difference  between  the  mass  of  a  ball  of  cork,  and  that  of  a  ball  of 
lead  of  the  same  diameter,  could  in  such  circumstances  be  readily 
detected  by  the  different  resistances  which  they  would  oppose  to 
attempts  to  set  them  in  rapid  motion,  or  to  check  their  motion  when 
commenced 

It  must  be  regarded  as  a  remarkable  fact,  and  one  which  could 
only  have  been  established  by  experiment,  that  the  two  modes  of 
comparing  masses  perfectly  coincide;  that  is  to  say,  two  bodies,  even 
though  composed  of  different  materials,  if  their  sizes  are  so  propor- 
tioned that  they  oppose  equal  resistances  to  acceleration,  will  also 
gravitate  with  equal  forces,  as  tested  by  their  balancing  each  other 
in  a  pair  of  scales.  This  principle  is  established  experimentally  by 
the  equal  velocities  of  fall  of  all  bodies  in  vacuo,  and,  with  much 
greater  accuracy,  by  the  equality  of  the  number  of  vibrations  made 
in  the  same  time  by  pendulums  of  the  same  size  and  form,  but  of 
different  materials. 
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43.  The  Pendulum. — ^When  a  body  is  suspended  so  that  it  can 
turn  about  a  horizontal  axis  which  does  not  pass 
through  its  centre  of  gravity,  its  only  position  of 
stable  equilibrium  is  that  in  which  its  centre  of 
gravity  is  in  the  same  vertical  plane  with  the  axis 
and  below  it  (§  28).  If  the  body  be  turned  into  any 
*  other  position,  and  left  to  itself,  it  will  oscillate  from 
one  side  to  the  other  of  the  position  of  equilibrium, 
until  the  resistance  of  the  air  and  the  friction  of  the 
axis  gradually  bring  it  to  rest.  A  body  thus  sus- 
pended, whatever  be  its  form,  is  called  a  pendulum. 
It  frequently  consists  of  a  rod  which  can  turn  about 
an  axis  O  at  its  upper  end,  and  which  carries  at  its 
lower  end  a  heavy  lens-shaped  piece  of  metal  M  called 
the  bob ;  this  latter  can  be  raised  or  lowered  by  means 
of  the  screw  V.  The  applications  of  the  pendulum  are 
very  important:  it  regulates  our  clocks,  and  it  has 
enabled  us  to  measure  the  intensity  of  gravity  and 
ascertain  the  differences  in  its  amount  at  different  parts 
of  the  world ;  it  is  important  then  to  know  at  least  the 
fundamental  points  in  its  theory.  For  explaining  these 
we  shall  begin  with  the  consideration  of  an  ideal  body 
called  the  simple  pendulum. 

44.  Simple  Pendulum. — ^This  is  the  name  given  to  a 
pendulum  consisting  of  a  heavy  particle  M  attached  to 
one  end  of  an  inextensible  thread  without  weight,  the 
other  end  of  the  thread  being  fixed  at  A.     When  the 
Pig.  84.-p«nduium.  thread  is  vertical  the  weight  of  the  particle  acts  in 
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Fig.  85.— Motion  of  Simple 
Pendolom. 


tlie  direction  of  its  length,  and  there  is  equilibrium.     But  suppose 

it  is  drawn  aside  into  another  position,  as  AM.     In  this  case  the 

weight  MG  of  the  particle  can  be  resolved  into  two  forces  MC  and 

MH.     The  former,  acting  along  the  prolongation  of  the  thread,  ia 

destroyed  by  the  resistance  of  the  thread ; 

the  other,  acting  along  the  tangent  MH, 

produces  the  motion  of  the  particle.    This 

effective  component  is  evidently  so  much 

the  greater  as  the  angle  of  displacement 

from  the  vertical  position  is  greater.     The 

particle  will  therefore  move  along  an  arc 

of  a  circle  described  from  A  as  centre,  and 

the  force  which  urges  it  forward  will  con-' 

tinnally   diminish  till   it   arrives   at   the 

lowest  point  M^     At  M'  this  force  is  zero, 

but,  in  virtue  of  the  velocity  acquired,  the 

particle  will  ascend  on  the  opposite  side, 

the  effective  component  of  gravity  being 

now  opposed  to  the  direction  of  its  motion ; 

and,  inasmuch  as  the  magnitude  of  this  component  goes  through  the 

same  series  of  values  in  this  part  of  the  motion  as  in  the  former  part^ 

but  in  reversed  order,  the  velocity  will,  in  like  manner,  retrace  its 

former  values,  and  will  become  zero  when  the  particle  has  risen  to  a 

point  M''  at  the  same  height  as  M.     It  then  descends  again  and 

performs  an  oscillation  from  M"  to  M  precisely  similar  to  the  first, 

but  in  the  reverse  direction.     It  will  thus  continue  to  vibrate  bo* 

tween  the  two  points  M,  M''  (friction  being  supposed  excluded),  for 

an  indefinite  number  of  times,  all  the  vibrations  being  of  equal 

extent  and  performed  in  equal  perioda 

The  distance  through  which  a  simple  pendulum  travels  in  moving 
from  its  lowest  position  to  its  furthest  position  on  either  side, 
is  called  its  amplitude.  It  is  evidently  equal  to  half  the  complete 
arc  of  vibration,  and  is  commonly  expressed,  not  in  linear  measure, 
but  in  degrees  of  arc.  Its  numerical  value  is  of  course  equal  to  that 
of  the  angle  MAM',  which  it  subtends  at  the  centre  of  the  circle. 

The  complete  period  of  the  pendulum's  motion  is  the  time  which 
it  occupies  in  moving  from  M  to  M''  and  back  to  M,  or  more 
generally,  is  the  time  from  its  passing  through  any  given  position 
to  its  next  passing  through  the  same  position  in  the  same  direction. 

What  is  commonly  called  the  time  of  vibration,  or  the  time  of 
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a  single  vibratioD,  is  the  half  of  a  complete  period,  being  the  time 
of  passing  from  one  of  the  two  extreme  positions  to  the  other. 
Hence  what  we  have  above  defined  as  a  complete  period  is  often 
called  a  double  vibration. 

When  the  amplitude  changes,  the  time  of  vibration  changes  also, 
being  greater  as  the  amplitude  is  greater;  but  the  connection  between 
the  two  elements  is  very  far  from  being  one  of  simple  proportion. 
The  change  of  time  (as  measured  by  a  ratio)  is  much  less  than  the 
change  of  amplitude,  especially  when  the  amplitude  is  email;  and 
when  the  amplitude  is  less  than  about  5°,  any  further  diminution 
of  it  has  little  or  no  sensible  effect  in  diminishing  the  tima  For 
small  vibrations,  then,  the  time  of  vibration  is  i/adei^endent  of  the 
amplitude.     This  is  called  the  law  of  isochronism. 

The  time  of  a  single  vibration  when  the  amplitude  is  small  is 
expressed  by  tlie  formula: 

I  denoting  the  length  of  the  pendulum,  g  the  intensity  of  gravity, 
and  w  the  ratio  of  the  circumference  of  a  circle  to  the  diameter. 
As  regards  the  units  in  which  T,  Z,  and  g  are  expressed,  it  must 
be  remarked  that  if  g  is  expressed  in  the  usual  way,  as  in  §  38, 
I  must  be  expressed  in  feet,  and  the  value  obtained  for  T  will  be 
in  seconds. 

The  formula  shows  that  the  time  of  vibration  is  proportional 
to  the  square  root  of  the  length  of  the  pendulum,  so  that  if  the 
pendulum  be  lengthened  four,  nine,  or  sixteen  fold,  the  time  will 
be  doubled,  trebled,  or  quadrupled. 

46.  Experimental  Laws  of  the  Motion  of  the  Pendulum. — The  pre- 
ceding laws  apply  to  the  simple  pendulum;  that  is  to  say,  to  a 
purely  imaginary  existence;  but  they  are  approximately  true  for 
ordinary  pendulums,  which  in  contradistinction  to  the  simple  pendu- 
lum are  called  compound  pendulums.  The  discovery  of  the  experi- 
mental laws  of  the  motion  of  pendulums  was  in  fact  long  anterior 
to  the  theoretical  investigation.  It  was  the  earliest  and  one  of 
the  most  important  discoveries  of  Galileo,  and  dates  from  the  year 
1582,  when  he  was  about  twenty  years  of  Age.  It  is  related  that  on 
one  occasion,  when  in  the  cathedral  of  Pisa,  he  was  struck  with 
the  regularity  of  the  oscillations  of  a  lamp  suspended  from  the  roof, 
and  it  appeared  to  him  that  these  oscillations,  though  diminishing 
in  extent,  preserved  the  same  duration.      He  tested  the  fact  by 


MOTION  OF  THE  PENDULUM.  59 

repeated  trials^  which  confirmed  him  in  the  belief  of  its  perfect 
exactnessL  This  law  of  isochronism  can  be  easily  verified.  It  is 
only  necessary  to  count  the  vibrations  which  take  place  in  a  given 
time  with  different  amplitudes.  The  numbers  will  be  found  to  be 
exactly  the  same.  This  will  be  found  to  hold  good  even  when  some 
of  the  vibrations  compared  are  so  small  that  they  can  only  be 
observed  with  a  telescope. 

The  time  of  vibration,  then,  does  not  depend  on  the  amplitude, 
and  neither  does  it  depend  on  the  material  of  which  the  pendulum 
is  composed.  From  this  last  fact  it  follows  that  gravity  acts  in 
precisely  the  same  manner  on  all  substances.  It  is  found,  in  fact, 
that  balls  of  the  same  size,  of  lead,  copper,  ivory,  &c.,  suspended  by 
threads  of  equal  length,  vibrate  in  the  same  time,  provided  they 
are  large  enough  to  escape  sensible  retardation  from  the  resistance 
of  the  air.  This  result  is  virtually  identical  with  that  of  Galileo  s 
experiment  on  the  fall  of  bodies  (§  32),  and  enables  us  to  con- 
clude with  certainty  that  in  a  vacuum  these  different  pendulums 
would  vibrate  in  rigorously  equal  timea 

By  employing  balls  suspended  by  threads  of  different  lengths, 
Galileo  discovered  the  influence  of  length  on  the  time  of  vibration. 
He  ascertained  that  when  the  length  of  the  thread  increases,  the 
time  of  vibration  increases  also ;  not,  however,  in  proportion  to  the 
length  simply,  but  to  its  square  root. 

Knowing,  then,  that  the  length  of  the  pendulum  which  beats 
seconds  at  Paris  is  about  one  metre  (0".994«),  we  see  that  a  pendu- 
lam  64  metres  long  would  make  a  single  vibration  in  eight  seconds. 
This  is  about  the  length  of  the  pendulum  employed  by  Foucault 
at  the  Fivntheon  in  his  celebrated  experiments  on  the  rotation  of 
the  eartb. 

This  law  of  lengths  experimentally  discovered  by  Galileo,  is  pre- 
cisely that  which  the  formula  for  the  simple  pendulum  gives;  an 
agreement  which  it  was  natural  to  expect,  seeing  that  a  small  ball 
suspended  by  a  long  string  is  a  practical  approximation  to  the  idea 
of  a  simple  pendulum.  When,  however,  the  form  of  the  pendulum 
departs  widely  from  this,  the  meaning  to  be  attached  to  the  word 
length  ceases  to  be  obvioua  It  becomes  necessary  to  resort  to 
theoretical  investigations,  and  we  shall  briefly  indicate  the  results 
thus  obtained. 

46.  Equivalent  Simple  Pendolom. — It  is  demonstrated  in  treatises 
on  dynamics  that  a  compound  pendulum,  whatever  be  its  form. 
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always  keeps  time  with  a  simple  pendulum  of  some  determinate 
length — called  the  equivalent  simple  pendulum;^  and  whenever  the 
length  of  a  pendulum  is  mentioned,  it  is  the  length  of  the  equivalent 
simple  pendulum  that  is  to  be  understood. 

Any  rigid  body,  oscillating  about  a  fixed  horizontal  axis,  may  be 
regarded  as  a  compound  pendulum.  That  point  of  the  axis  which, 
in  the  position  of  equilibrium,  is  vertically  over  the  centre  of  gravity 
of  the  body,  is  called  the  centre  of  suspension;  and  if  we  join  this 
point  to  the  centre  of  gravity,  and  produce  the  joining  line  down- 
wards till  its  whole  length  is  equal  to  that  of  the  equivalent  simple 
pendulum,  its  lower  extremity  is  called  the  centre  of  oscillation. 
The  body  therefore  vibrates  in  the  same  manner  as  if  its  whole 
mass  were  collected  at  the  centre  of  oscillation.  This  point  is 
always  further  from  the  axis  than  the  centre  of  gravity,  and  it 
possesses  the  following  remarkable  property: — that  if  the  body  were 
made  to  vibrate  about  an  axis  passing  through  the  centre  of  oscilla- 
tion and  parallel  to  the  original  axis,  the  time  of  vibration  would 
be  the  same  as  in  vibrating  about  the  original  axis.  In  this  inverted 
position,  the  original  centre  of  suspension  becomes  the  new  centre 
of  oscillation,  and  the  original  centre  of  oscillation  becomes  the  new 
centre  of  suspension ;  hence  the  property  in  question  is  commonly 
called  the  convertibility  of  the  centres  of  oscillation  and  sus- 
pension.^ 

This  important  property,  which  was  discovered  by  Huj'-ghens, 
furnishes  an  accurate  method  of  determining  the  length  of  the 
simple  pendulum  equivalent  to  a  given  compound  pendulum.  This 
is  the  principle  of  Kater's  pendulum,  which  can  be  made  to  vibrate 
about  either  of  two  parallel  knife-edges,  one  of  which  can  be  adjusted 
to  any  distance  from  the  other.  The  pendulum  is  swung  first  upon 
ona  of  these  edges  and  then  upon  the  other,  and,  if  any  difierence 
is  detected  in  the  times  of  vibration,  it  is  corrected  by  moving  the 

I  adjustable  edge.    When  the  difference  has  been  completely  destroyed, 

i 

j  ^  Sometimes  the   isochronous  simple  pendulum ;  but  it  seems  better  to  reserve  this 

adjective  and  the  corresponding  noun  isochronism  for  the  use  in  which  the  latt^  has 
been  employed  in  §  44. 

*  The  names  centre  of  suspension  and  centre  of  osciUation  are  not  very  appropriate, 
inasmuch  as  the  properties  mentioned  in  the  text  are  properties  of  two  lines  rather  than 
of  two  points :  one  of  the  lines  being  the  axis  about  which  the  pendulum  swings,  and  the 
other  being  a  parallel  to  this  axis  in  the  plane  containing  it  and  the  centre  of  gravity, 
and  at  a  distance  from  it  equal  to  the  length  of  the  equivalent  simple  penduliun.  If 
we  call  the  former  the  axis  of  suspension  and  the  latter  the  axis  of  osciUaHon^  we  may 
assert  that  the  axes  of  suspension  and  oscillation  are  convertible. 
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the  distance  between  the  two  edges  is  the  leogth  of  the  equivalent 
simple  pendulum.  It  is  necessary,  in  any  arrangement  of  this  kind, 
that  the  two  knife-edges  should  be  in  a  plane  passing  through  the 
centre  of  gravity ;  also  that  they  should  be  on  opposite  sides  of  the 
centre  of  gravity  and  at  unequal  distances  from  it 

We  see,  by  what  precedes,  that  the  laws  of  the  simple  pendulum 
are  applicable  to  any  pendulum,  if  we  understand  by  its  length 
the  length  of  the  equivalent  simple  pendulum,  or,  in  other  words, 
the  distance  between  the  axis  and  the  centre  of  oscillation. 

47.  Determination  of  the  Value  of  g, — Returning  to  the  formula  for 

the  simple  pendulum  Trr^A/p  we  easily  deduce  from  it  3=rpi* 

whence  it  follows  that  the  value  of  g  can  be  determined  by  making 
a  pendulum  vibrate  and  measuring  T  and  I,  T  is  determined  by 
counting  the  number  of  vibrations  that  take  place  in  a  given  time; 
I  can  be  calculated,  when  the  pendulum  is  of  regular  form,  by  the 
aid  of  formulae  which  are  given  in  treatises  on  rigid  d3'namics,  but 
its  value  is  more  easily  obtained  by  Kater's  method,  described  above, 
founded  on  the  principle  of  the  convertibility  of  the  centres  of 
suspension  and  oscillation. 

48.  VariationB  in  the  Intensity  of  Gravity. — Pendulum  observations, 
which  have  been  taken  in  great  numbers  in  various  places,  have 
established  the  result  that  the  intensity  of  gravity  varies  over  the 
surface  of  the  earth.  At  London  the  value  of  ^  is  321 82;  it  increases 
in  approaching  the  pole,  and  diminishes  in  going  towards  the  equator. 
These  variations,  however,  are  not  very  considerable,  as  the  following 
table  of  the  values  of  gr  shows: — 

Valne  at  the  equator 82*088. 

Value  in  latitude  4o'. 82171. 

Value  at  the  poles 82*253. 

Its  value  for  any  place  is  approximately  given  by  the  formula: — 

^=82-088  (1  +  005188  8in»X)  (l— ^  ), 

X  denoting  the  latitude  of  the  place,  h  the  height  above  the  level  of 
the  sea,^  and  R  the  earth's  radius,  which  is  20,900,000  feet.     Local 

^  The  oorrectlng  factor  for  elevation  I  1 — ^  1  is  proper  to  be  used  in  determining  the 

value  of  <7  in  mid-air ;  for  example,  in  the  positions  reached  bj  balloons.  On  the  summit 
of  a  mountain,  or  of  an  elevated  plateau  in  the  interior  of  a  continent,  the  value  of  ^  is 
greater  than  at  the  same  level  in  mid-air  above  the  ocean,  owing  to  the  attraction  of  the 
excess  of  land  which  projects  above  sea-leveL  See  a  paper  by  Dr.  Young  in  the  Phil, 
Trmn.  for  1819. 
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peculiarities  prevent  the  possibility  of  laying  down  any  general 
formula  with  precision,  and  the  exact  value  of  g  for  any  place  can 
only  be  ascertained  by  observations  on  the  spot 

49.  Centriftigal  Force. — There  are  two  distinct  causes  of  these  differ- 
ences in  the  intensity  of  gravity:  the  first  is  what  is  called  centrifugal 

force.  Consider  a  material  point  M  attached  to 
•  the  extremity  of  .a  thread  OM,  and  suppose  an 
impulse  to  be  given  it  in  a  direction  perpen- 
dicular to  the  thread.  At  each  instant,  in  virtue 
of  inertia^  the  point  tends  to  move  along  a  tan- 
gent to  the  circle ;  but  the  thread  prevents  this 
movement  from  taking  place,  by  drawing  the 
point,  which  in  its  turn  reacts  on  the  thread  and 
Fig.  se.—Centriftasai       strctchcs  it  with  a  certain  force  which  has  re- 

Force. 

ceived  the  name  of  centrifugal  force.  It  is  clear 
that  we  may  dispense  with  the  thread,  if  we  suppose  an  attractive 
force  equal  to  that  which  the  thread  would  exert  directed  towards 
0.  This  force,  which,  by  combining  its  effect  with  that  of  the 
initial  impulse,  would  produce  circular  motion,  is  called  centripetal 
force.     It  is  evidently  equal  and  opposite  to  centrifugal  force. 

The  amount  of  the  centripetal  force  in  any  given  case  of  circular 
motion  can  be  easily  calculated.  Let  MP  represent  the  space  which 
the  material  point  would  describe  in  a  certain  small  time  t  under 
the  action  of  the  centripetal  force  alone.  This  motion,  combined 
with  the  motion  due  to  the  velocity  which  the  particle  possessed 
at  M,  gives  the  actual  motion  in  the  arc  MM',  provided  that  the 
time  considered  and  the  distance  moved  in  that  time  are  so  small 
that  the  directions  of  the  centripetal  forces  at  M  and  M'  are  sensibly 
parallel — in  other  words,  provided  the  arc  MM'  is  very  small  in  com- 
parison with  the  radius  OM.  In  this  case,  by  §  40,  PM',  or  rather 
a  line  equal  and  parallel  to  it  drawn  through  M,  represents  the  space 
due  to  the  velocity  which  the  point  had  at  M,  and  is  therefore  equal 
to  vt,  V  denoting  the  velocity.  Now  if  we  denote  by  0  the  accelera- 
tion due  to  the  centripetal  force,  this  acceleration  may  be  regarded 
as  uniform  during  the  time  t,  and  we  have  by  §  38,  MP=J0<-, 

whence  0="-^—.     But  PM'^,  that  is  vH\  is  (by  Euclid,  iii.  35)  equal 

2MP 

to  2r.MP,  r  denoting  the  radius  of  the  circle;  therefore  -y  is  equal 
to  --,     Consequently  0=-;  that  is,  the  centripetal  force  upon  a 
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partide  revolving  with  velocity  v  (feet  per  second)  in  a  circle  of 
radius  r  (feet)  is  equal  to  a  force  which,  acting  continuously  upon 
the  same  particle  initially  at  rest,  would  in  one  second  give  it  a 

velocity  of  -.     The  centripetal  force  upon  a  mass  of  m  pounds  is 

—  Gaussian  pound  units  (42),  and  is  equal  to  the  weight  of  ** 

pounds. 

When  the  circular  movement  is  uniform,  we  can  give  the  formula 
for  ^  a  more  convenient  form.  In  fact  if  we  denote  by  T  the  time 
of  revolution,  and  by  w  the  ratio  of  circumference  to  diameter,  we 

baver=-^,  and  ^  =  -=  ^-. 

Suppose,  for  example,  a  weight  of  50  pounds  attached  to  one  end 
of  a  string  3  feet  long,  and  revolving  uniformly  in  a  circle  about 
the  other  end  of  the  string,  at  the  rate  of  40  revolutions  per  minute. 
The  time  of  revolution  is  here  }  of  a  second,  and  the  force  required 
to  be  exerted  by  the  string  is  equal  to  the  weight  of 

^,  X  4ir^  X  i  X  3=81-7  pounds ; 

and  if  the  string  be  not  strong  enough  to  bear  this  weight  it  will 
break,  and  the  body  will  fly  off  at  a  tangent 

60.  Difisrent  Effects  of  Centrifngal  Force. — Several  experiments  on 
centrifugal  force  are  exhibited  in  courses  of  physica  For  example, 
a  rod  AB  (Fig.  37),  passing  through  two  ivory  balk  M,  M',  is  set  in 
rotation  in  a  horizontal  plane  by  means  of  the  mechanism  shown  in 
the  figure.  The  balls  are  then  seen  to  move  towards  the  extremities 
of  the  rod.  If  a  spring  is  placed  beside  one  of  the  balls  M',  as  shown 
ia  the  figure,  it  will  be  pressed  with  a  force  which  is  precisely  equal 
to  the  centrifugal  force  of  the  baU. 

The  centrifugal  railway  (Fig.  38)  shows  a  curious  effect  of  this 
force.  A  carriage,  starting  from  A,  descends  the  inclined  rails, 
and  by  following  the  course  of  the  rails,  which  here  forms  a  spiral 
convolution,  to  B,  rises  to  C,  and  descending  again  on  the  side  next 
A,  passes  on  the  further  side  of  B  and  finally  amves  at  D.  There 
is  therefore  an  instant  in  the  motion  when  the  carriage  is  bottom 
upwards  at  the  top  of  the  convolution,  and  remains  in  contact  with 
the  rails  in  opposition  to  the  force  of  gravity.  The  explanation 
is  easy.  The  carriage  attains  a  certain  velocity  in  descending 
the  incline  which  forms  the  first  portion  of  its  path.  In  virtue  of 
its  inertia  it  tends  to  move  with  this  velocity  in  a  tangential  direc- 
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tion,  but  being  compelled  to  follovr  the  curved  rails  wLich  lie  in 
its  way,  it  reacts  upon  them  with  a  force  whose  amount  is  given 


Ft(.  31.— CaubifDiiU-force  Appustiu. 


by  the  formulse  of  last  section.     If  the  point  A  is  sufficiently  elevated 
above  C,  this  force  will  prevail  over  the  weight  of  the  carriage 


Fi(.  B3.— CentrifliDJ  Rulnf . 


and  keep  it  pressed  against  the  rails.  It  may  be  easily  shown  that 
to  secure  this  result  the  height  of  A  above  B  must  be  to  the  height 
of  C  above  B  in  a  greater  ratio  than  5  to  4. 
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If  the  apparatus  shown  in  Fig.  39,  consisting  of  a  kind  of  sphere 
formed  of  four  flexible  springs,  be  mounted  on  the  whirling  table 
and  made  to  revolve,  it  will  be 
seen  to  become  flattened,  the  eflect 
being  more  decided  as  the  rota- 
tion is  more  rapid.     This  result  is 
dae  to   centrifugal   force,    which 
gives  all  parts  of  the  springs  a 
tendency  to  recede  from  the  axis 
of  rotation,  and  especially  those 
parts  which  are  already  most  dis-     / 
tant  from  iL   This  experiment  may    [ 
be  regarded  as  illustrating  the  man- 
ner in  which  the  earth,  when  in  a 
fluid  state,  acquired   its  present 
form,  bulging  at  the  equator  and 
flattened  at  the  poles. 

61.  The  influence  of  centrifu- 
gal force  in  modifying  the  eflect 
of  gravity  is  easily  deduced  from 
what  precedes.  The  various  bodies 
which  are  on  the  surface  of  the 
earth  are  retained  upon  it  by 
gravity,  and  a  certain  portion  of 

the  force  of  gravity  is  expended  in  constmining  them  to  move  in 
circular  patha  The  modification  thus  produced  in  the  apparent  force 
and  direction  of  gravity  is  the  same  as  if  a  force  equal  and  opposite 
to  the  force  thus  expended  were  compounded  with  the  force  of 
gravity  proper;  tliat  is  to  say,  apparent  gravity  is  the  resultant  of 
gravity  proper  and  centrifugal  force. 

At  the  equator,  centrifugal  force  is  directly  opposed  to  gravity 
proper,  and  is  therefore  to  be  simply  subtracted  from  it.  Let  r 
be  the  earth's  radius,  T  the  length  of  a  sidereal  day  (or  the  time  of 
the  earth's  revolution),  then  the  intensity  of  centrifugal  force  at 
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the  equator  is  —^  zz'^{-.  Putting  for  2grr,  or  the  earth's  circum- 
ference, its  value  in  metres,  viz,  40,000,000,  and  for  T  its  value 
in  seconds,  86,164,  we  obtain  for  the  intensity  in  question  the  value 
"033.  Now  the  intensity  of  gravity,  expressed  with  reference  to  the 
metre  and  second  as  units,  is  about  9 '8.     Hence  centrifugal  force  at 
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the  equator  is  -ffiijy  or  about  -n^jy  of  the  force  of  gravity,  and  apparent 
gravity  is  less  than  gravity  proper  at  the  equator  by  this  amount 
The  exact  amount  of  diminution  is  more,  nearly  -j^  of  gravity 
proper;  and  since  289  is  the  square  of  1 7,  and  centrifugal  force  varies 
as  the  square  of  the  velocity,  we  see  that  if  the  rate  of  the  earth's 
revolution  were  increased  seventeenfold,  bodies  at  the  equator  would 
lose  their  weight 

As  we  recede  from  the  equator,  the  intensity  of  centrifugal  force 
diminishes  because  the  distance  from  the  earth's  axis  diminishes; 
and,  at  the  same  time,  the  direction  of  centrifugal  force,  being  always 
perpendicular  to  this  axis,  becomes  less  directly  opposed  to  gravity, 
so  that  only  one  of  its  two  components  is  subtractive.  For  this 
double  reason,  the  effect  of  centrifugal  force  in  diminishing  the 
apparent  force  of  gravity  becomes  continually  less  as  we  recede 
from  the  equator.  As  far  then  as  the  disturbing  effect  of  cen- 
trifugal force  is  concerned,  the  apparent  intensity  of  gravity  should 
be  least  at  the  equator,  and  should  continually  increase  towards 
the  poles. 

We  may  add  that  centrifugal  force  (except  at  the  equator)  affects 
not  only  tlie  amount,  but  also  the  direction,  of  apparent  gravity, 
since  the  resultant  of  two  forces  which  are  not  directly  opposed  does 
not  coincide  in  direction  with  either  of  them.  The  angle  which  the 
actual  vertical  (indicating  the  direction  of  apparent  gravity),  makes 
with  the  direction  which  the  vertical  would  have  if  the  earth  were 
at  rest,  varies  with  the  latitude;  at  Paris,  where  its  value  is  nearly  a 
maximum,  it  is  between  5  and  6  minutes. 

62.  Universal  Oravitation,  Earth's  Mean  Densily. — Terrestrial  gravi- 
tation is  only  a  particular  case  of  universal  gravitation.  Newton 
established,  by  researches  extending  over  more  than  twenty-five 
years,  that  the  movements  of  the  planets  around  the  sun,  and  of 
the  satellites  around  the  planets,  could  be  explained  by  assuming 
the  existence  of  a  mutual  attraction,  which,  taken  in  conjunction 
with  an  initial  impulse,  determines  the  paths  which  these  bodies 
describe.  This  attraction  is  jointly  proportional  to  the  masses  of 
the  mutually  attracting  bodies,  and  varies  inversely  as  the  square 
of  their  mutual  distance.  By  the  aid  of  this  assumption,  astronomers 
have  succeeded  not  only  in  explaining  all  the  diversities  of  motion 
which  the  solar  system  exhibits,  but  in  calculating  the  positions  of 
the  celestial  bodies  at  distant  times,  both  past  and  future,  with  mar- 
vellous accuracy.     The  study  of  the  movements  of  the  heavenly 
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bodies,  which  has  thus  been  reduced  to  a  branch  of  applied  mathe- 
matics, is  called  Physical  Astronomy. 

It  is  therefore  natural  to  look  upon  terrestrial  gravity  as  a  par- 
ticular case  of  universal  gravitation,  and  to  regard  the  fall  of  a  body 
as  a  consequence  of  the  attraction  exerted  on  it  by  the  different  pai-ts 
of  the  terrestrial  globa  This  identity  is  in  fact  established  by 
numerous  proofs.  Now  it  is  obvious  from  the  symmetry  of  the 
component  attractions,  that  the  resultant  attiuction  of  a  sphere  ex- 
erted at  any  point  of  its  surface  must  be  in  the  direction  of  the 
radius,  and  must  therefore  be  perpendicular  to  the  surface — ^a  result 
which  our  every- day  experience  confirms  in  the  case  of  the  earth's 
gravitation.  Theory  also  shows  that  the  attraction  of  an  oblate 
spheroid  is  greater  at  the  poles  than  at  the  equator.  In  fact, 
taking  into  account  both  the  oblateness  of  the  earth  and  centri- 
fugal force,  theory  agrees  with  observation  in  indicating  that 
apparent  gravity  increases  in  going  from  the  equator  towards  the 
poles  by  an  amount  proportional  to  the  square  of  the  sine  of  the 
latitude. 

The  hypothesis  of  attraction  then  explains  all  the  phenomena  of 
gravity :  we  may  add  that  the  existence  of  attraction  at  the  surface 
of  the  earth  has  been  experimentally  demonsti*ated.  Maskelyne, 
Hutton,  and  Playfair,  in  the  celebrated  Schiehallien  experiment, 
proved  that  the  plumb-line  experienced,  on  either  side  of  the  mountain 
of  that  name,  a  deviation  towards  the  mountain ;  and  a  similar  result 
vi^as  established  by  Sir  Henry  James  at  Arthur's  Seat,  near  Edinburgh. 
Cavendish,  by  means  of  a  very  sensitive  torsion-balance,  showed 
that  two  large  spheres  of  lead  exercised  a  sensible  attraction  upon 
two  small  spheres,  and  was  able  to  measure  the  amount  of  this 
attraction  so  precisely  as  to  deduce,  from  the  comparison  of  it  with 
the  earth's  attraction,  that  the  mean  specific  gi-avity  of  the  earth  is 
5-5.  Cavendish's  experiment  has  been  repeated  by  Reich  in  Germany 
and  by  Baily  in  this  country,  with  nearly  coincident  results.  The 
Schiehallien  experiment,  which  was  the  earliest  attempt  to  determine 
the  earth's  mean  density,  gave  5  for  the  result,  and  Mr.  Airy's  ex- 
periment at  Harton  Colliery  gave  a  result  exceeding  6.  Baily's 
result,  obtained  by  Cavendish's  method,  with  some  improvements  in 
the  details,  is  generally  accepted  as  the  best  determination;  it  is 
5-67. 

53.  Variatioii  of  Gravity  with  Height. — It  follows  from  the  identity 
of  attraction  and  gravity  that  this  force  diminishes  as  we  rise  above 
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the  earth's  surface,  but  the  heights  with  which  we  commonly  have  to 
do  in  our  experiments  are  so  small  in  comparison  with  the  earth's 
radius  that  the  resulting  diiFerences  of  force  are  quite  inappreciable. 
In  the  case,  however,  of  large  differences  of  height,  the  variation  of 
force  can  be  detected ;  for  instance,  it  is  easy  to  establish  experiment- 
ally that  the  intensity  of  gravity  is  less  on  the  summit  of  a  mountain 
than  at  its  base.  Theory  shows  that  the  attraction  of  a  sphere  upon 
external  points  is  the  same  as  if  its  mass  were  collected  at  the  centre. 
Presuming  this  to  be  true  in  the  case  of  the  earth,  it  may  be  sliown 
that,  in  ascending  to  any  height  above  the  earth's  surface  which 
is  small  in  comparison  with  the  earth's  radius,  the  diminution  in  the 
force  of  gravity  is  twice  as  great  in  comparison  with  the  whole  force 
of  gravity  as  that  height  is  in  comparison  with  the  earth's  radius. 

This  explains  the  origin  of  the  factor  1  -  ^  in  the  formula  of  §  48. 
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In  penetrating  into  the  interior  of  the  earth,  the  law  of  the  varia- 
tion of  gravity  is  more  complex  If  the  earth  were  homogeneous, 
its  attraction  would  continually  diminish  in  penetrating  towards  the 
centre,  and  would,  if  the  earth  were  also  truly  spherical,  be  simply 
proportional  to  the  distance  from  the  centre.  But  in  fact  the  density 
is  greater  in  the  central  than  in  the  superficial  parts  of  the  earth,  the 
mean  density  being,  as  we  have  seen,  about  57,  while  the  density 
of  the  superficial  beds  is  only  about  3.  This  augmentation  of  density 
tends  to  increase  the  attractive  force  as  we  descend;  and  it  will 
depend  upon  the  law  according  to  which  the  density  varies  which  of 
these  two  opposite  tendencies  will  prevail.  Mr.  Airy,  in  his  experi- 
ment at  Harton  Colliery,  found  the  intensity  of  gravity  at  the 
bottom  of  the  mine,  1256  feet  below  the  surface,  to  be  greater  than 
at  the  surface  by  about  one  part  in  19,000.  Supposing  that  similar 
results  would  be  obtained  in  other  places,  it  follows  that,  in  penetrat- 
.^ing  the  earth,  gravity  must  go  on  increasing  from  the  surface  down 
^  '  to  a  certain  depth,  where  it  becomes  a  maximum,  and  from  which  it 
decreases  down  to  the  earth's  centre,  where  it  becomes  zero,  the 
\  equal  and  opposite  attractions  there  destroying  one  another. 

63  a.  Simple  Vibrations. — The  motion  of  a  pendulum  vibrating 
in  a  small  arc,  may  be  taken  as  the  type  of  a  class  of  motions 
which  very  extensively  prevail  in  nature,  and  are  of  great  import- 
ance in  many  departments  of  physical  science.  They  have  been 
called'  by  different  writers  simple  vibrations,  pendulum-like  vibra- 
tioTis,  aine-like  vibrations,  and  simple  Juxmionic  motions.     We  shall 
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employ  the  first  of  these  designations,  and  define  a  simple  vibration 
to  be  the  movement  of  a  point  to  and  fro  along  one  line  (not  neces- 
sarily straight),  with  acceleration  simply  proportional  to  the  distance 
of  the  point  from  the  bisection  of  this  line.  If  the  line  of  motion  be 
carved,  the  distance  is  to  be  measured  along  the  curve,  and  in  this 
case  the  acceleration  referred  to  is  the  tangential  acceleration 
along  this  curve.  In  every  case,  and  in  all  parts  of  the  motion, 
the  acceleration  of  the  moving  point  urges  it  towards  tlie  middle 
point  of  its  path,  becoming  zero  only  at  the  instant  of  passing  this 
middle  point  In  the  majority  of  cases  that  require  to  be  considered, 
the  line  of  motion  is  straight,  or  approximately  straight. 

As  examples  of  simple  vibrations,  we  may  instance,  in  addition  to 
that,  of  a  pendulum  above  quoted,  the  motion  of  a  point  on  either 
prong  of  a  tuning-fork,  or  of  a  point  in  a  musical  string,  when  vibrat- 
ing so  as  to  produce  a  pure  note.  In  these  cases,  the  force  urging 
any  point  of  the  fork  or  string  towards  the  position  of  equilibrium, 
varies  directly  as  the  distance  of  the  point  at  any  time  from  this 
position,  and  by  the  second  law  of  motion  acceleration  is  proportional 
to  force. 

In  the  case  of  the  simple  pendulum  (§  43),  the  acceleration  of  the 
heavy  paiticle  whdh  the  thread  makes  an  angle  0  with  the  vertical 
is  g  sin  6  (see  §  53d),  which  when  the  arc  of  vibration  is  small  may 
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be  taken  as  equal  to  gd,  that  is,  g  j,  x  denoting  the  length  of  arc 

measui'ed  from  lowest  point,  and  I  the 
length  of  the  string.  It  is  therefore  pro- 
portional to  X,  the  distance  of  the  particle 
from  the  position  of  equilibrium. 

63  B.  When  simple  vibration  is  executed 
in  a  straight  line,  it  corresponds  to  the 
projection  of  uniform  circular  motion  (Fig. 
39a);  that  is  to  say,  if  a  point  P  move 
with  uniform  velocity  round  the  circum- 
ference of  a  circle,  and  if  Pp  be  the  perpen- 
dicular let  fall  from  P  upon  a  fixed  straight 
line  in  the  plane  of  the  circle,  then  p,  the 
foot  of  this  peq^endicular,  will  execute 
simple  vibration. 

To  prove  this  proposition,  remark  that  by  §  49  the  point  P  is  to  be 
i^arded  as  constantly  falling  away  from  a  tangent  in  obedience  to 


/Mr  ^6 


/}S    J>, 


Fig.  2&L.  Projection  of  Circular 
Motion. 
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acceleration  directed  towards  the  centre  of  the  circle,  the  amount  of 
the  acceleration  being  -^  .r,  where  r  denotes  the  radius  of  the  circla 

This  acceleration,  being  directed  from  P  towards  the  centre  of  the 
circle,  may  be  resolved  into  two  components,  one  parallel  to  the  line 
of  motion  of  p,  and  the  other  perpendicular  to  it.     The  former  of 

these,  which  is  obviously  the  acceleration  of  p,  is  —  of  the  whole 

acceleration,  x  denoting  the  distance  of  p  from  its  mean  position, 
that  is,  from  the  foot  of  a  perpendicular  let  fall  from  the  centre  of 

the  circle.  The  acceleration  of  p  is  therefore  -^  x,  and  is  propor- 
tional to  X. 

63  C.  We  may  hence  prove  that  simple  vibrations  are  isochronoua 
For  if  the  acceleration  be  expressed  by  fiXy  x  denoting  displacement 
from  mean  position,  and  /x  any  constant,  we  see,  by  the  preceding 
paragraph,  that  the  vibration  keeps  time  with  an  imaginary  point 
moving  uniformly  round  a  cii'cle,  a  complete  vibration  being  per- 
formed in  the  same  period  as  a  complete  revolution ;  and  if  T  denote 

this  period,  we  have  /i  =  ^  ;  whence  T^  -^,  an  expression  which  is 

independent  of  the  amplitude  of  vibration. 

Applying  this  result  to  a  pendulum  vibrating  in  a  small  arc,  we 

have /I  =  I  (see§  53a);  hence  T=^=2^V-,  which  is  the  time  of 

a  complete  (or  double)  vibration.^ 

To  understand  the  reason  of  the  isochronism  of  simple  vibrations, 
we  have  only  to  remark  that,  if  the  amplitude  be  changed,  the  velo- 
city at  corresponding  points  (that  is,  points  whose  distances  from  the 
middle  point  are  the  same  fractions  of  the  amplitudes)  will  be 
changed  in  the  same  ratio.  For  example,  compare  two  simple  vibra- 
tions in  which  the  values  of  /x  are  the  same,  but  let  the  amplitude  of 

^  The  mathematical  reader  will  remark  that  our  definition  of  simple  vibration  corresponds 

to  the  differential  equation  -r-^  = — fix,  and  that  the  property  proved  in  §  58b  corresponds 

to  the  solution  of  this  equation,  which  is  a=a  cot  (tyJii—e),  a  and  e  being  arbitrary  con- 
stants, the  former  called  the  amplitude  and  the  latter  the  epoch  of  the  motion.  The  quan- 
tity [ty/fi—e)  is  called  the  argument,  and  it  is  obvious  that  x  and  its  successive  differential 
coefficients  will  all  remain  unaltered  if  the  argument  be  increased  by  2t,  that  is,  if  t  be 

2ir 
increased  by  any  multiple  of  -7^*     Hence  the  motion  always  repeats  itself  after  the  inter- 

2t 
val  -j=f  which  is  therefore  the  period  of  a  complete  vibration. 

y/fi 
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one  be  double  that  of  the  other.  Then  if  we  divide  the  paths  of 
both  into  the  aame  number  of  small  equal  parts,  these  parts  will  be 
twice  as  great  for  the  one  as  for  the  other;  but  if  we  suppose  the  two 
points  to  start  simultaneously  from  their  extreme  positions,  the  one 
will  constantly  be  moving  twice  as  fast  as  the  other.  The  number 
of  parts  described  in  any  given  time  will  therefore  be  the  same  for 
both. 

In  the  case  of  vibrations  which  are  not  simple,  it  is  easy  to  see 
(firom  comparison  with  simple  vibration)  that  if  the  acceleration  in- 
creases in  a  greater  ratio  than  the  distance  from  the  mean  position, 
the  period  of  vibration  will  be  shortened  by  increasing  the  amplitude ; 
bnt  if  the  acceleration  increases  in  a  less  ratio  than  the  distance,  as 
in  the  case  of  the  common  pendulum  vibrating  in  an  arc  of  moderate 
extent,  the  period  is  increased  by  increasing  the  amplitude. 

53  B.  Cycloidal  Pendulnm. — We  saw  in  §  33  that  the  effective  com- 
ponent of  gravity  upon  a  particle  resting  on  a  smooth  inclined  plane 
was  proportional  to  the  sine  of  the  inclination.  The  acceleration 
of  a  particle  so  situated  is  in  fact  ff  sin  a,  if  a  denote  the  inclination 
of  the  plana  When  a  particle  is  guided  along  a  smooth  curve  its 
acceleiution  is  expressed  by  the  same  formula,  a  now  denoting  the 
inclination  of  the  curve  at  any  point  to  the  horizon.  This  inclina- 
tion varies  from  point  to  point  of  the  curve,  so  that  the  acceleration 
g  sin  a  is  no  longer  a  constant  quantity.  The  motion  of  a  common 
pendulum  corresponds  to  the  motion  of  a  particle  which  is  guided  to 
move  in  a  circular  arc;  and  if  x  denote  distance  from  the  lowest 
point,  measured  along  the  arc,  and  r  the  radius  of  the  circle  (or 

the  length  of  the  pendulum),  the  acceleration  at  any  point  is  g  sin  -. 

This  is  sensibly  proportional  to  «  so  long  as  a;  is  a  small  fraction 
of  r ;  but  in  general  it  is  not  proportional  to  x,  and  hence  the  vibra- 
tions are  not  in  general  isochronous. 

To  obtain  strictly  isochronous  vibrations  we  must  substitute  for 
the  circular  arc  a  curve  which  possesses  the  property  of  having  an 
inclination  whose  sine  is  simply  proportional  to  distance  measured 
along  the  curve  from  the  lowest  point  The  curve  which  possesses 
this  property  is  the  cycloid.  It  is  tho  curve  which  is  traced  by 
a  point  in  the  circumference  of  a  circle  which  rolls  along  a  straight 
Una  The  cycloidal  pendulum  is  constructed  by  suspending  an  ivory 
ball  or  some  other  small  heavy  body  by  a  thread  between  two 
cheeks  (Fig.  39b),  on  which  the  thread  winds  as  the  ball  swings  to 
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Fig.  80b.— Cyoloidid  Fendolam. 


either  sida     The  cheeks  must  themselves  be  the  two  halves  of  a 
cycloid  whose  length  is  double  that  of  the  thread,  so  that  each 

cheek  has  the  same  length  as  the 
thread.  It  can  be  demonstrated^ 
that  under  these  circumstances 
the  path  of  the  ball  will  be  a 
cycloid  identical  with  that  to 
which  the  cheeks  belong.  Ne- 
glecting  friction  and  the  rigidity 
of  the  thread,  the  acceleration  in 
this  case  is  proportional  to  dis- 
tance measured  along  the  cycloid 
from  its  lowest  point,  and  hence, 
by  last  section,  the  time  of  vibra- 
ation  will  be  strictly  the  same  for  lai-ge  as  for  small  amplitudes. 
It  will,  in  fact,  be  the  same  as  that  of  a  simple  pendulum  having  the 
same  length  as  the  cycloidal  pendulum  and  vibrating  in  a  small  ara 
Attempts  have  been  made  to  adapt  the  cycloidal  pendulum  to 
clocks,  but  it  has  been  found  that,  owing  to  the  greater  amount 
of  friction,  its  rate  was  less  regular  than  that  of  the  common  pendu- 
lum. It  may  be  remarked,  that  the  spring  by  which  pendulums 
are  often  suspended  has  the  effect  of  guiding  the  pendulum  bob 
in  a  curve  which  is  approximately  cycloidal,  and  thus  of  diminishing 
the  irregularity  of  rate  resulting  from  differences  of  amplitude. 

63  E.  Centre  of  Mass,  or  Centre  of  Inertia. — The  point  which  has 
been  mentioned  in  Chapter  iv.,  under  the  name  of  centre  of  gravity, 
possesses  important  properties  besides  those  which  depend  upon  its 
being  the  point  through  whiU-  the  resultant  force  of  gravity 
passes. 

It  may  be  demonstrated  by  geometry  that  if  a  body  be  divided 
into  a  number  of  equal  elements  (equal  in  mass,  not  necessarily  in 
size),  each  of  them  being  so  small  in  all  its  dimensions  that  it  may 
be  treated  as  a  material  point,  there  is  a  certain  point  in  the  body- 
such  that  its  distance  from  any  plane  whatever  is  equal  to  the  mean 
distance  of  all  the  elements  from  the  same  plane — that  is,  to  the  sum 
of  all  the  distances  divided  by  the  number  of  elements.*  This  point 
is  called  the  centre  of  Tnass. 

'  Since  the  evolute  of  the  cycloid  is  an  equal  cycloid. 

^  If  the  plane  cuts  the  body,  distances  on  one  side  of  the  plane  must  be  reckoned  positive 
and  on  the  other  negative,  and  the  sum  in  question  must  be  the  algebraical  sum. 
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If  a  set  of  equal  and  parallel  forces  act  one  on  each  element  in  the 
same  direction,  their  resultant  will  pass  through  the  centre  of  mass. 
Inasmuch  then  as  the  force  of  gravity  upon  a  body  is  made  up  of 
such  a  set  of  equal  and  parallel  forces,  the  centre  of  mass  is  also  the 
centre  of  gravity. 

Again,  if  a  body  at  rest  be  set  in  motion  in  such  a  manner  that  all 
its  points  move  in  parallel  straight  lines  with  equal  velocities,  the 
resistance  which  inertia  opposes  is  composed  of  a  set  of  such  equal 
and  parallel  resistances;  its  resultant  therefore  passes  through  the 
centre  of  mass,  which  is  hence  called  the  centre  of  inertia.  It  is 
evident  that  the  force  requisite  for  producing  such  motion  in  a  body 
must  be  equivalent  to  a  single  force  applied  at  this  point,  and  the 
same  remark  applies  to  the  force  necessary  for  destroying  such  motion 
and  bringing  the  body  to  rest. 

Convei-sely,  if  a  force  be  applied  to  a  body  at  its  centre  of  mass, 
or  in  a  line  passing  through  the  centre  of  mass,  the  body  will  be  set 
in  motion  in  such  a  way  that  all  its  points  will  have  equal  and 
parallel  velocities,  their  common  direction  being  parallel  to  the  line 
of  action  of  the  forca , 

A  force  applied  to  a  free  body  in  a  direction  not  passing  through 
the  centre  of  mass  will  produce  movement  of  the  centre  of  mass 
combined  with  rotation  of  the  body  about  the  centre  of  masa  Of 
these  two  components  of  motion,  the  former  wUl  be  the  same  as 
would  be  produced  by  the  given  force  if  it  acted  in  a  direction 
passing  through  the  centre  of  mass ;  and  the  latter — the  rotation — 
will  be  the  same  as  if  the  centre  of  mass  were  fixed. 

A  couple  applied  to  a  free  body  will  produce  rotation  of  the  body 
about  the  centre  of  mass,  but  will  not  produce  any  motion  of  the 
centre  of  mass. 

When  a  body  moves  so  that  all  its  points  are  at  every  instant 
travelling  in  the  same  direction  (that  is  in  parallel  directions  and 
towards  the  same  parts)  and  with  equal  velocities,  it  is  said  to  have 
a  movement  of  translation.  All  straight  lines  in  a  body  so  moving 
remain  always  parallel  to  their  original  positions,  and  conversely; 
hence  this  property  may  be  taken  as  the  definition  of  movement  of 
translation.  Every  possible  motion  of  a  rigid  body  can  be  resolved 
into  motion  of  translation  accompanied  by  motion  of  rotation,  and 
the  resolution  can  always  be  so  efiected  that  the  axis  of  rotation  at 
any  instant  shall  be  parallel  to  the  direction  of  the  movement  of 
translation.     It  is  always  possible,  and  is  generally  convenient,  to 
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regard  the  motion  of  a  rigid  body  under  the  action  of  any  forces  aa 
compounded  of  a  motion  of  translation  of  the  body  as  a  whole,  and 
a  rotation  of  the  body  about  an  axis  passing  through  its  centre  of 
mass. 

53  F.  When  two  or  more  bodies,  or  parts  of  the  same  body,  are 
free  to  move,  it  is  impossible  for  any  action  exerted  between  them 
to  alter  the  motion  of  their  common  centre  of  mass.  It  is  also  im- 
possible for  such  action  to  alter  the  total  angular  momentum  about 
the  centre  of  mass.  For  example,  when  an  animal  is  either  jumping 
or  falling,  no  movement  that  it  can  make  in  mid-air  without  touching 
other  bodies  can  either  alter  the  motion  of  its  centre  of  gravity,  or 
cause  part  of  its  body  to  rotate  in  one  direction  w^ithout  causing  the 
remainder  to  rotate  in  the  opposite  direction. 

The  recoil  of  fire-arms  depends  on  the  same  principle.  Whatever 
force  the  gases  which  are  produced  by  the  explosion  of  the  powder 
exei-t  in  propelling  themselves  and  the  ball  forwards,  they  must 
always  exert  the  same  force  for  the  same  time  in  urging  the  gun 
backwards.  If  a  shell  explodes  at  an  elevation  in  the  air,  then, 
neglecting  the  effect  of  the  wind,  the  common  centre  of  gravity  of  the 
fragments  of  the  shell  and  the  products  of  explosion  will  describe 
the  same  path  and  with  tlie  same  velocity  which  the  centre  of  gravity 
of  the  shell  would  have  had  if  there  had  been  no  explosion. 

Tliis  principle  is  of  great  importance  in  the  movement  of  the 
heavenly  bodies.  For  example,  neglecting  any  general  movement 
which  the  solar  system  as  a  whole  may  have  in  space,  we  are 
entitled  to  assert  that  in  whatever  direction  the  common  centre  of 
gravity  of  the  planets  may  be  moving  at  any  time,  the  centre  of 
gravity  of  the  sun  must  be  moving  in  a  parallel  and  opposite  direc- 
tion; inasmuch  as  the  centre  of  gravity  of  the  whole  system,  consist- 
ing of  sun  and  planets,  remains  always  at  rest. 

63  G.  Moment  of  Inertia. — When  a  body  is  capable  of  turning  about 
a  definite  axis,  its  inertia  opposes  resistance  to  any  force  which  may 
be  applied  to  set  it  in  rotation,  and,  if  it  has  once  been  set  in  rota- 
tion, its  inertia  gives  it  a  tendency  to  continue  rotating  with  constant 
velocity,  so  that  it  can  only  be  brought  to  rest  by  the  action  of 
opposing  force. 

The  power  of  a  force  as  regards  its  tendency  to  produce  rotation 
about  an  axis  is  called  the  Tnomcnt  of  the  force  about  the  cucis,  and 
is  measured  by  the  product  of  the  force  and  the  arm,  at  which  it 
acta.     If  the  body  is  acted  on  by  more  forces  than  one,  the  sum  of 
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the  moments  of  the  several  forces  about  the  axis  is  the  measure  of 
the  total  tendency  to  produce  rotation,  and  is  called  the  total  moment 
of  all  the  forcea  It  is  to  be  understood  that  if  some  of  the  forces  tend 
to  make  the  body  turn  in  one  direction  and  others  in  the  opposite  di- 
rection, the  moments  of  the  one  set  must  be  reckoned  positive  and  ot 
the  other  negative,  and  the  sum  in  question  must  be  the  algebraical  sum. 

On  the  other  hand,  the  resistance  which  the  inertia  of  the  rotating 
body  opposes  to  the  action  of  forces  tending  to  accelerate  or  retard 
its  rotation  is  called  its  moment  of  i/nertia.  The  rate  at  which  the 
angular  velocity  changes  is  equal  to  the  total  moment  of  the  forces 
divided  by  the  moment  of  inertia  of  the  body. 

The  moment  of  inertia  of  a  body  about  an  axis  is  the  sum  of  all 
the  terms  which  are  obtained  by  multiplying  each  element  by  the 
square  of  its  distance  from  the  axis. 

The  angular  m/ymentuTn  of  a  rotating  body  is  a  name  given  to 
the  product  of  the  moment  of  inertia  and  the  angular  velocity. 
Equal  forces  acting  at  equal  arms  for  the  same  time  upon  different 
bodies  produce  equal  angular  momenta. 

The  energy  of  rotation  of  a  rotating  body  is  half  the  product  of 
its  moment  of  inertia  and  the  square  of  its  angular  velocity.  Equal 
amounts  of  work  spent  upon  different  bodies  in  producing  rotation 
yield  equal  amounts  of  energy  of  rotation. 

These  ideas  may  be  illustrated  by  a  reference  to  the  use  of  fly- 
wheels in  machinery.  A  fly-wheel  is  a  wheel  which,  by  means  of 
its  inertia,  acts  as  an  equalizer  of  the  motion  of  the  machine  to 
which  it  is  attached,  resisting,  to  an  extent  measured  by  its  moment 
of  inertia,  all  sudden  changes  of  velocity.  It  is  chiefly  employed  in 
cases  where  either  the  di-iving  power  or  the  resistance  to  be  over- 
come is  liable  to  rapid  alternations  of  magnitude.  When  the  power 
is  in  excess  of  the  resistance  the  motion  of  the  fly-wheel  is  acceler- 
atedy  and  the  energy  thus  accumulated  is  given  out  again  when  the 
resistance  is  in  exceas  of  the  power,  the  inertia  of  the  fly-wheel  then 
assisting  to  overcome  the  resistance,  while  at  the  same  time  the 
velocity  of  the  wheel  is  diminished. 

Fly-wheels  are  always  made  with  heavy  rims,  the  rest  of  the 
wheel  being  usually  as  light  as  is  compatible  with  the  requisite 
strength.  This  arrangement  is  adopted  with  the  view  of  obtaining 
the  greatest  possible  moment  of  inertia ;  for  if  all  the  matter  of  the 
wheel  were  collected  at  its  rim,  the  moment  of  inertia  would  be 
equal  to  the  mass  multiplied  by  the  square  of  the  radiu& 


76  THE  PENDULUM. 

58  H.  Centre  of  Percussion. — We  have  already  seen  that  when  a 
force  acts  upon  a  rigid  body  in  a  direction  not  passing  through  the 
centre  of  mass,  it  tends  to  produce  a  motion  consisting  partly  of 
translation  and  partly  of  rotation  of  the  body  about  the  centre  of 
mas&  This  principle  remains  true  when  tJie  force  is  applied  in  the 
shape  of  a  blow,  and  may  easily  be  tested  experimentally  in  a  rough 
way  by  suspending  a  straight  rod  by  a  long  string  attached  to  one 
end  and  striking  it  with  a  hammer  in  different  points.  If  the  rod 
be  struck  in  a  horizontal  direction  near  its  top,  its  bottom  will  at 
the  instant  of  the  blow  move  in  the  opposite  direction,  and  if  it  be 
struck  near  the  bottom  the  top  will  fly  back.  In  each  case  there  is 
some  intermediate  line  at  right  angles  to  the  direction  of  the  blow, 
which  neither  moves  forwards  nor  backwards  at  the  instant  of  the 
blow,  while  points  on  opposite  sides  of  it  move  in  opposite  directions. 
With  reference  to  this  line,  regarded  as  an  instantaneous  axis  of 
rotation,  the  point  at  which  the  body  was  struck  is  called  the  centre 
of  percussion.  It  admits  of  proof  that  the  centre  of  percussion  with 
respect  to  any  axis  is  the  same  as  the  centre  of  oscillation. 

When  a  body  is  suspended  so  that  it  can  rotate  about  an  axis,  if 
we  desire  to  strike  it  without  jarring  the  axis,  it  is  necessary  that 
the  blow  should  be  administered  at  the  centre  of  percussion,  and  this 
remai'k  is  equally  true  if  the  body  in  question  be  the  striking  instead 
of  the  struck  body.  For  example,  the  proper  point  of  a  bat  for 
striking  a  ball  so  as  not  to  jar  the  hands  is  the  centre  of  percussion  of 
the  bat  with  respect  to  an  axis  passing  through  the  hands. 

53  L  Homentum,  Energy  of  Motion. — The  product  of  the  mass 
and  velocity  of  a  body  is  called  the  momentum  of  the  body.  If 
equal  forces  act  upon  unequal  masses /or  the  same  time,  the  momenta 
generated  are  equal.  This  principle  applies  to  the  recoil  of  fire-arms, 
supposing  the  gun  to  be  free  to  move. 

On  the  other  hand,  if  equal  forces  act  upon  unequal  masses  origin- 
ally at  rest,  through  equal  distances  (and  therefore  do  equal  amounts 
of  work  upon  them),  the  momenta  generated  will  be  unequal;  the 
greater  mass  will  receive  the  greater  momentum.  Equal  products 
will  however  be  obtained  in  this  case,  if  we  multiply  each  mass  by 
the  square  of  its  velocity.  In  the  case  of  a  falling  body,  we  have 
seen  that  the  velocity  acquired  in  falling  through  a  height  s  is 
vz^^2gSy  whence  iv^=gs,  and  if  the  mass  of  the  body  (in  lbs.) 
is  m,  we  have  i7nv^=gms.  Now,  the  force  which  produces  the 
descent  is  the  weight  of  m  lbs.,  which  is  equivalent  to  gm  Graussian 
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anits  of  force,  and  as  the  space  through  which  the  force  works  is 
8y  the  work  done  is  gmSy  which  is  the  second  member  of  the  above 
equation,  and  is  equal  to  ^mv^  We  see,  then,  that  in  this  case  the 
work  done,  expressed  in  Gaussian  units  of  work  (of  which  a  foot- 
pound contains  g),  is  equal  to  half  the  product  of  the  mass  (in 
pounds)  and  the  square  of  the  velocity.  This  principle  is  perfectly 
general,  and  may  be  extended  to  bodies  already  in  motion  as  well  as 
to  bodies  initially  at  rest  by  substituting  for  "^mvY  "the  change 
produced  in  the  value  of  ^ttiv^"  Conversely,  since  the  height  to 
which  a  body  will  rise  when  thrown  upwards  with  a  given  velocity 
is  the  same  as  the  height  from  which  it  must  fall  to  acquire  that 
velocity,  it  follows  from  the  foregoing  equations  that  the  value  of 
^m'tfl  at  the  commencement  of  the  ascent  is  equal  to  the  work  which 
gravity  would  do  upon  the  body  during  its  descent  from  the  height 
to  which  it  rises  to  the  point  from  which  its  ascent  commenced ;  and 
if  we  denote  the  product  of  force  and  distance  moved  in  the  case 
when  the  direction  of  the  motion  is  opposite  to  that  of  the  force, 
by  the  name  negative  tuork,  we  may  assert  that  the  diminution  which 
occurs  in  the  value  of  ^mir  during  the  whole  ascent  or  during  any 
part  of  it  is  equal  to  the  negative  work  done  upon  the  body  by 
gravity  during  that  part  of  the  motion. 

It  is  in  this  sense  that  work  and  motion  are  said  to  be  convertible, 
and  the  product  ^mi;^  whose  changes  of  value  are  always  equal 
to  the  work  done  upon  the  body,  is  called  the  energy  of  motion,  or 
the  kinetic  energy  of  the  body.  This  equality  subsists  not  only  for 
the  case  of  gravity,  but  for  all  forces  whatever:  we  may  assert  uni- 
versally (neglecting  for  the  present  the  effects  of  friction  and  mole- 
cular changes),  that  when  a  body  of  mass  m  moves  at  one  time  with 
a  velocity  v^,  and  at  a  subsequent  time  with  velocity  v,,  the  whole 
amount  of  work  done  upon  the  body  during  the  interval  (the  alge- 
braic sum  being  taken  if  any  of  the  work  is  negative)  is  equal  to 

The  product  \mv^  has  sometimes  been  called  the  accumulated 
work  in  a  body,  or  the  work  stored  up  in  the  body,  inasmuch  as  a 
moving  body  is  able  in  virtue  of  its  motion  to  overcome  resistance 
throuorh  such  a  distance  that  the  work  done  (or  product  of  resistance 
and  distance  through  which  it  is  overcome)  will  be  equal  to  \mv^. 
We  have  seen  one  example  of  this  in  the  case  of  a  body  thrown 
upwards,  which  overcomes  the  resistance  m^g  of  gravity  through  a 
height  8  such  that  mg8=:^mv\ 
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63  J.  Energy  of  Position,  or  Potential  Energy. — We  have  now  to 
introduce  a  new  idea,  which  is  of  comparatively  recent  origin,  and 
plays  an  important  part  in  modern  dynamics.  When  a  body  of  mass 
m  is  at  the  height  a  above  the  ground,  which  we  will  suppose  level, 
we  can  cause  it  to  acquire  a  certain  velocity  v  such  that  ^mv^zz 
''^9  shy  simply  allowing  it  to  fall  to  the  earth.  The  position  of  a 
body  in  this  instance  confers  the  power  to  obtain  motion,  and  thei'e- 
fore  kinetic  energy;  and  as  we  have  just  seen,  kinetic  energy  can  be 
made  to  yield  work.  A  body  in  an  elevated  position  may  therefore 
be  regarded  as  a  reservoir  of  work:  the  water  in  a  mill-dam  is,  in 
fact,  a  case  in  point ;  and  for  this  reason  such  a  body  is  said  to  pos- 
sess energy  ofpoaitimi,  or,  as  it  is  more  commonly  called,  potential 
energy.  In  contradistinction  from  this  latter  name,  the  energy  which 
a  moving  body  possesses  in  virtue  of  its  motion  is  sometimes  called 
actual  energy. 

It  should  be  remarked  that  energy  of  position  is  essentially  relative, 
depending  on  the  position  of  one  body  with  reference  to  one  or  more 
other&  In  the  case  just  considered  the  other  body  ia  the  earth.  In 
order  to  be  philosophically  correct  in  our  language,  we  should  speak 
not  of  the  potential  energy  of  a  body,  but  rather  of  the  potential 
energy  of  two  or  more  bodies  with  reference  to  each  other  in  a  given 
relative  position ;  or  more  briefly,  of  the  potential  energy  of  a  cer- 
tain relative  position  of  the  bodies. 

It  must  also  be  remarked  that  while  we  can  speak  with  precision  of 
the  difference  between  the  potential  energies  of  two  specified  posi- 
tions, we  cannot  in  strictness  assign  a  definite  value  to  the  potential 
energy  of  one  specified  position  unless  we  know  the  limits  to  the 
possible  motion  of  the  bodies  in  obedience  to  their  mutual  forcea 
For  example,  in  the  case  just  considered — that  of  a  body  at  a  certain 
height  above  level  ground — the  present  position  of  the  body  is  com- 
pared with  that  which  it  will  occupy  when  it  lies  upon  the  ground. 
But  a  shaft  might  be  sunk  in  the  ground,  and  with  reference  to  the 
bottom  of  this  shaft  a  body  lying  on  the  surface  of  the  ground  would 
possess  a  certain  amount  of  potential  energy,  which  must  be  added 
to  that  above  considered  to  obtain  the  potential  energy  of  the  body 
in  its  first  position  as  compared  with  the  position  which  it  would 
occupy  when  lying  at  the  bottom  of  the  shaft. 

Whenever  motion  takes  place  in  obedience  to  natural  forces,  the 
increase  or  diminution  of  potential  energy  which  takes  place  in 
passing  from  one  position  to  another  is  always  exactly  compensated 
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by  an  opposite  change  in  the  total  amount  of  kinetic  energy;  from 
which  it  follows  that  the  sum  of  potential  and  kinetic  energies 
remains  unchanged.  Whenever  kinetic  energy  is  increased  at  the 
expense  of  potential  energy,  the  forces  concerned  do  an  amount  of 
positive  work  equal  to  the  amount  by  which  the  former  is  increased 
or  the  latter  diminished.  On  the  other  hand,  whenever  potential 
energy  is  increased  at  the  expense  of  kinetic  energy,  the  forces  do 
negative  work  equal  in  absolute  value  to  the  energy  thus  transferred. 
Instances  of  the  former  kind  of  transfer  are  furnished  by  the  motion 
of  a  falling  body  and  the  motion  of  a  planet  from  aphelion  to  peri- 
helion ;  instances  of  the  latter  kind  are  furnished  by  the  motion  of 
a  body  thrown  upwards,  and  the  motion  of  a  planet  from  perihelion 
to  aphelion. 

63  k.  Effect  of  Friotion  upon  Transformation  of  Energy.—Thus  far 
we  have  been  supposing  that  frictional  resistances  are  neglected. 
Friction,  in  fact,  causes  an  apparent  loss  of  energy,  but  this  loss  is 
accompanied  by  a  generation  of  heat  which  is  itself  a  form  of  energy, 
and  a  definite  amount  of  heat  is  produced  by  each  unit  of  work  thus 
apparently  wasted.  Conversely,  whenever  heat  is  employed  as  a 
motive  power  (in  the  steam-engine,  for  example),  a  quantity  of  heat 
is  destroyed  equivalent,  on  the  same  scale,  to  the  work  produced. 

Another  kind  of  energy  is  developed  when  friction  is  employed 
as  a  means  of  generating  electricity.  In  this  case  the  potential 
energy  of  electrical  attraction  which  is  called  into  existence  i^  the 
precise  equivalent  of  the  work  spent  in  producing  it 

Similar  principles  apply  to  all  other  cases  in  which  energy  is 
apparently  destroyed.  Any  particular  form  of  energy  may  he 
destroyed,  hut  only  on  condition  of  an  equivalent  amount  of  energy 
in  some  other  ahxipe  coming  into  existence.  The  whole  amount  of 
energy  in  the  universe  cannot  undergo  either  increase  or  diminution. 
This  great  natural  law  is  called  the  principle  of  the  conservation  of 
energy. 

The  exact  nature  of  the  various  forms  of  molecular  energy,  such 
as  heat,  light,  electricity,  magnetism,  and  chemical  affinity,  is  not 
at  present  known,  but  we  run  little  risk  of  error  in  affirming  that 
they  all  consist  either  of  peculiar  kinds  of  molecular  motion  or  of 
peculiar  arrangements  of  molecules  as  regards  relative  position. 
They  must  therefore  fall  under  one  or  other  of  the  two  heads  ''energy 
of  position"  and  "energy  of  motion." 


CHAPTER    VIL 


THE   BALANCE. 


64.  The  object  of  the  balance  is  the  measurement  of  the  weights 
of  bodies.  It  consists  essentially  of  a  rigid  lever  AB  called  the  beam, 
movable  about  an  axis  O  at  the  centre  of  its  length.     This  axis  rests 


Fig.  40.— Balance. 

upon  two  planes,  and  as  it  is  a  little  above  the  centre  of  gravity,  the 
beam  takes  a  position  of  stable  equilibrium.  An  index  needle  at- 
tached to  the  beam  traverses  a  graduated  arc,  and  indicates  the 
position  of  equilibrium  of  the  beam  by  pointing  to  zero. 

This  equilibrium  will  not  be  disturbed  if  we  suspend  from  the 
extremities  of  the  beam  two  scale-pans  of  the  same  substance,  form, 
and  dimensions.  Neither  will  it  be  disturbed  if  in  these  scale-pans 
we  place  bodies  of  equal  weight.  And  conversely,  if  two  bodies 
placed  in  the  two  scale-pans  equilibrate  each  other,  their  weights  are 
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equal  This,  then,  is  the  principle  of  the  well-known  use,  of  the 
balance. 

55.  Correctneas  of  the  Balance. — It  is  necessary  to  the  validity  of  the 
preceding  reasoning  that  the  scale-pans  should  be  suspended  at 
exactly  the  same  distance  from  the  axis,  or,  in  other  words,  that  the 
arms  of  the  balance  should  be  rigorously  equal  in  length.  This  is 
known  to  be  the  case  if  the  needle  points  to  zero  both  when  the 
scale-pans  are  empty  and  when  they  are  loaded  with  two  bodies  of 
equal  weight.  If  we  have  not  two  weights  exactly  equal,  it  is  suffi- 
denfc  to  place  any  body  whatever  in  one  of  the  scale-pans,  and 
equilibrate  it  by  placing  so  much  matter  in  the  other  scale  as  will 
bring  the  index  to  zero ;  if  we  then  interchange  the  pontents  of  the 
two  scale-pans,  the  needle  should  still  point  to  zero.  If  it  does  not, 
the  reason  is  that  the  arms  are  not  of  equal  length.  Easy  as  it  is, 
however,  to  make  the  arms  of  approximately  equal  length,  it  is 
exceedingly  difficult  to  make  them  rigorously  equal;  and  accordingly, 
whenever  great  accuracy  is  required,  the  method  of  double  weighing 
is  employed,  which  enables  us  to  obtain  the  exact  weight,  even  when 
the  arms  of  the  balance  are  slightly  unequal  This  method  consists 
in  first  counterpoising  the  body  to  be  weighed  with  any  substance — 
as,  for  example,  shot  or  sand — and  then  replacing  the  body  by  weights 
suflScient  to  produce  equilibrium.  It  is  evident  that  these  latter,  as 
they  produce  the  same  effect  as  the  body  under  the  same  circum- 
staDce.s,  must  have  the  same  weight. 

66.  Sensibility  of  the  Balance. — A  balance  is  said  to  be  more  or  less 
sensitive  when  the  beam,  supposed  to  be  originally  horizontal,  is 
more  or  less  inclined  for  a  given  difference  of  weights.  The  sensi- 
bility depends,  in  the  first  place,  on  the  friction  of  the  axis  against 
its  supports.  In  carefully  constructed  balances  this  axis  is  formed 
by  the  edge  of  a  triangular  prism  of  very  hard  steel,  called  a  knife- 
edge,  which  rests  upon  a  plane  of  steel  or  agate.  In  this  way,  as 
rotation  takes  place  about  a  very  fine  axis,  and  as,  besides,  the 
materials  employed  are  very  hard,  the  friction  is  rendered  exceedingly 
small 

Supposing  friction  to  be  eliminated,  the  sensibility  of  the  balance 
depends  upon  the  weight  of  the  beam,  its  length,  and  the  distance 
between  its  centre  of  gravity  and  the  axis  of  suspension.  We  shall 
proceed  to  investigate  the  influence  of  these  different  elements. 

Let  A  and  B  be  the  points  from  which  the  scale-pans  are  sus- 
pended, O  the  axis  about  which  the  beam  turns,  and  G  the  centre  of 
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P+P 


gravity  of  the  beam.     If  when  the  scsale-pans  are  loaded  with  equal 
weights,  we  put  into  one  of  them  an  excess  of  weight  p»  the  beam 

will  become  inclined,  and  will  take 
a  position  such  as  A'K,  turning 
through  an  angle  which  we  will  call 
a,  and  which  is  easily  calculated. 

In  fact,  let  the  two  forces  P  and 
P  +  p  act  at  A'  and  B'  respectively, 
where  P  denotes  the  less  of  the  two 
weights,  includiug  the  weight  of  the 
pan.  Then  the  two  forces  P  destroy 
Kg.  4L  each  other  in  consequence  of  the  re- 

sistance of  the  axis  O;  there  is  left 
only  the  force  p  applied  at  B',  and  the  weight  «•  of  the  beam  applied 
at  G',  the  new  position  of  the  centre  of  gravity.  These  two  torces 
are  parallel,  and  are  in  equilibrium  about  the  axis  O,  that  is,  their 
resultant  passes  through  the  point  O.  The  distances  of  the  points  of 
application  of  the  forces  from  a  vertical  through  O  are  therefore 
inversely  proportional  to  the  forces  themselves,  which  gives  the 
relation 

But  if  we  call  half  the  length  of  the  beam  I,  and  the  distance  OG  r, 
we  have 

•  G1l  =  rnna,     B'L  =  Zco8a, 

whence  v7'  sin  a  =  pi  cos  a,  and  consequently 


tan  a  = 


-  pi 


TTT 


(a) 


The  formula  (a)  contains  the  entire  theory  of  the  sensibility  of  the 
balance  when  properly  constructed.  We  see,  in  the  first  place,  that 
tan  a  increases  with  the  excess  of  weight  p,  which  was  evident 
beforehand.  We  see  also  that  the  sensibility  increases  as  I  increases 
and  as  w  diminishes,  or,  in  other  words,  as  the  beam  becomes  longer 
and  lighter.  At  the  same  time  it  is  obviously  desirable  that,  under 
the  action  of  the  weights  employed,  the  beam  should  be  stiff  enough 
to  undergo  no  sensible  change  of  shape.  The  problem  of  the  balance 
then  consists  in  constructing  a  beam  of  the  greatest  possible  length 
and  Ughtness,  which  shall  be  capable  of  supporting  the  action  of 
given  forces  without  bending. 
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Fortiiiy  whose  balances  are  Justly  esteemed,  ^paployed  for  his  beams 
bars  of  steel  placed  edgewise;  he  thus  obtained  great  rigidity,  but 
certainly  not  all  the  lightness  possible.  At  present  the  makers  of 
balances  employ  in  preference  beams  of  copper  or  steel  made  in  the 
form  of  a  frame,  as  shown  in  Fig.  42.  Tbey  generally  give  them  the 
shape  of  a  very  elongated  lozenge,  the  sides  of  wbich  are  connected 
by  bars  variously  arranged.  Tbe  determination  of  the  best  shape  is, 
in  fact^  a  special  problem,  and  is  an  application  on  a  small  scale  of 
that  principle  of  applied  mechanics  which  teaches  us  that  hollow 
pieces  have  greater  resisting  power  in  proportion  to  their  weight 
than  solid  pieces,  and  consequently,  for  equal  resisting  power,  the 
former  are  lighter  than  the  latter.  Aluminium,  which  with  a  rigidity 
nearly  equal  to  that  of  copper,  has  less  than  one-fourth  of  its  density, 
aeems  naturally  marked  out  as  adapted  to  the  construction  of  beam& 
It  has  &s  yet^  however,  been  little  used. 

The  formula  (a)  shows  us,  in  the  second  place,  that  the  sensibility 
increases  as  r  diminishes;  that  is,  as  the  centre  of  gravity  approaches 
tbe  centre  of  suspension.  These  two  points,  however,  must  not  coin- 
cide, for  in  that  case  for  any  excess  of  weight,  however  small,  the 
beam  would  deviate  from  tbe  horizontal  as  far  as  the  mechanism 
would  permit^  and  would  afford  no  indication  of  approach  to  equality 
in  tbe  weights.  With  equal  weights  it  would  remain  in  equilibrium 
in  any  position.  In  virtue  of  possessing  this  last  property,  such  a 
balance  is  called  indifferent  Practically  the  distance  between  the 
centre  of  gravity  and  the  point  of  suspension  must  not  be  less  than 
a  certain  amount  depending  on  the  use  for  which  the  balance  is 
designed.  The  proper  distance  is  determined  by  observing  what 
difference  of  weights  corresponds  to  a  division  of  the  graduated  arc 
along  which  the  needle  moves.  If,  for  example,  thei*e  are  20  divi- 
sions on  each  side  of  zero,  and  if  2  milligrammes  are  necessary  for 
the  total  displacement  of  the  needle,  each  division  will  correspond  to 
an  excess  of  weight  of  ^  or  -^V  of  a  milligramme.  That  this  may 
be  the  case  we  must  evidently  have  a  suitable  value  of  r,  and  the 
maker  is  enabled  to  regulate  this  value  with  precision  by  means  of 
the  screw  which  is  shown  in  the  figure  above  tlie  beam,  and  wbich 
enables  him  slightly  to  vary  the  position  of  the  centre  of  gravity. 

In  the  above  analysis  we  have  supposed  that  the  three  points  of 
suspension  of  the  beam  and  of  the  two  scale-pans  are  in  one  straight 
line;  in  which  case  the  value  of  tan  a  does  not  include  P,  that  is,  the 
sensibility  is  independent  of  the  weight  in  the  pana     This  follows 
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from  the  fact  that  th^  resultant  of  the  two  forces  P  passes  tbi'ough 
O,  and  is  thus  destroyed,  because  the  axis  is  fixed.  This  would  not 
be  the  case  if,  for  example,  the  points  of  suspension  of  the  pans  were 
above  that  of  the  beam ;  in  this  case  the  point  of  application  of  the 
common  load  is  above  tlie  point  0,  and,  when  the  beam  is  inclined, 
acts  in  the  same  direction  as  the  excess  of  weight;  whence  the 
sensibility  increases  with  the  load  up  to  a  certain  limit,  beyond 
which  the  equilibrium  becomes  unstable.^  On  the  other  hand,  when 
the  points  of  suspension  of  the  pans  are  below  that  of  the  beam,  the 
sensibility  increases  as  the  load  diminishes,  and,  as  the  centre  of 
gravity  of  the  beam  may  in  this  case  be  above  the  axis,  equilibrium 
may  become  unstable  when  the  load  is  less  than  a  certain  amount. 
This  variation  of  the  sensibility  with  the  load  is  a  serious  disadvan- 
tage; for,  as  we  have  just  shown,  the  displacement  of  the  needle  is 
used  as  the  means  of  estimating  weights,  and  for  this  purpose  we 
must  have  the  same  displacement  corresponding  to  the  same  excess 
of  weight.  If  we  wish  to  employ  either  of  the  two  above  arrange- 
ments, we  should  weigh  with  a  constant  load.  The  method  of  doing 
so,  which  constitut.es  a  kind  of  double  weighing,  consists  in  retaining 
in  one  of  the  pans  a  weight  equal  to  the  maximum  load.  In  the 
other  pan  is  placed  the  same  load  subdivided  into  a  number  of 
marked  weights.  When  the  body  to  be  weighed  is  placed  in  this 
latter  pan,  we  must,  in  order  to  maintain  equilibrium,  remove  a 
certain  number  of  weights,  which  evidently  represent  the  weight  of 
the  body. 

We  may  also  remark  that,  strictly  speaking,  the  sensibility  always 
depends  upon  the  load,  which  necessarily  produces  a  variation  in  the 
friction  of  the  axis  of  suspension.  Besides,  it  follows  from  the  nature 
of  bodies  that  there  is  no  system  that  does  not  yield  somewhat  even 
to  the  most  feeble  action.  For  these  reasons,  there  is  a  decided 
advantage  in  operating  with  constant  load. 

67.  Suspension  of  the  Scale-pans. — ^A  fundamental  condition  of  the 
correctness  of  the  balance  is,  that  the  weight  of  each  pan  and  of 
the  load  which  it  contains  should  always  act  exactly  at  the  same 
point,  and  therefore  at  the  same  distance  from  the  axis  of  suspension. 
This  important  result  is  attained  by  different  methods.    The  arrange- 

^  This  is  an  illustration  of  the  general  principle,  applicable  to  a  great  variety  of  philo- 
sophical apparatus,  that  a  maximum  of  sensibility  involves  a  minimum  of  stability ;  that 
is,  a  very  near  approach  to  instability.  This  near  approach  is  usually  indicated  by 
sire  slowness  in  the  oscillations  which  take  place  about  the  position  of  equilibrium. 
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ment  represented  in  Fig.  42  is  one  of  the  moat  effectua,].  At  tlio 
extremities  of  the  beam  are  two  knife-edges,  parallel  to  the  axis  of 
rotation,  and  facing  upwards.  On  these  knife-edges  rests,  hy  a 
liard  plane  surface  of  a^te  or  steel,  &  stirrup,  the  front  of  which 
bas  been  taken  away  in  the  figure.  On  the  lower  part  of  the 
Btirrup  rests  another  knife-edge,  at  right  angles  to  the  former,  the 


Fig.  41.— fioun  of  DftUoia. 

two  being  together  equivalent  to  a  universal  joint  supporting  the 
scale-pan  and  its  contents.  By  this  arrangement,  whatever  may  be 
the  position  of  the  weights,  their  action  is  always  reduced  to  a  veitical 
force  acting  on  the  upper  knife-edge. 

Fig.  43  represents  a  balance  of  great  delicacy,  with  the  glass 
case  that  contains  it.  At  the  bottom  is  seen  the  extremity  of  a 
lever,  which  enables  us  to  raise  tlie  beam,  and  thus  avoid  wearing 
the  knife-edge  when  not  in  use.  At  the  top  may  be  remarked  an 
arrangement  employed  by  some  makers,  consisting  of  a  horizontal 
graduated  circle,  on  which  a  small  metallic  index  can  be  made  to 
travel;  its  different  displacements,  whose  value  can  be  determined 
once  for  all,  are  used  for  the  linal  adjustment  to  produce  exact 
eqailibrium. 

68.  Densities. — If  we  weigh  equal  volumes  of  different  bodies  in 
nature,  we  find  that  they  have  different  weights.  Thus,  a  litre  of 
water  weighs  1  kilogramme,  a  litre  of  mercury  weighs  136  kilos., 
a  litre  of  alcohol  079  kilos.  This  we  express  by  saying  that  differ- 
ent bodies  have  different  densities.     It  is  evidently  important  to 
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know  the  density  of  the  different  substances  with  which  we  have  to 
deal;  for  this  in,  in  fact,  a  fundamental  element  of  their  physical 
constitution.  Attempts  have  therefore  been  inade  to  form  a  list 
containing  the  weight  of  a  given  volume  of  each  of  the  substances 
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known  in  nature.  The  simplest  way  of  determining  the  density 
of  a  Rubstance  is  to  weigh  a  certain  known  volume  of  it,  and  to 
divide  the  weight  obtained  by  the  volume;  we  shall  thus  obtain  the 
weigiit  of  unit  volume. 

The  same  object  is  attained  indirectly  by  determining  the  specific 
gravity  of  the  substance;  that  is  to  say,  the  ratio  of  its  density  to 
that  of  some  standard  substance  whose  density  is  known.  The 
standard  substance  commonly  employed  for  this  comparison  is 
distilled  water  at  the  temperature  of  maximum  density  (about  39°! 
Fahrenheit).  The  weight  of  a  cubic  foot  of  such  water  is  62425 
lbs.  avoirdupois;  hence  the  specific  gravity  of  a  substance  multiplied 
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by  62*425  is  the  weight  of  a  cubic  foot  of  the  Substance  in  lb&, 
which  may  be  called  the  density  of  the  substance  in  lbs.  per  cubic 
foot 

In  the  metrical  system  the  conversion  of  specific  gravities  into 
densities  is  much  simpler ;  for  since  the  gramme,  kilogramme,  and 
tonne  are  the  weights  respectively  of  a  cubic  centimetre,  cubic 
decimetre,  and  cubic  metre  of  distilled  water  at  the  temperature  of 
maximum  density,  it  follows  that  the  same  number  which  denotes 
the  specific  gravity  of  a  substance,  also  denotes  the  weight  of  a  cubic 
centimetre  of  the  substance  in  grammes,  the  weight  of  a  cubic 
decimetre  in  kilogrammes,  or  the  weight  of  a  cubic  metre  in  tonnea 
In  other  words,  the  specific  gravity  is  equal  to  the  density,  whether 
the  latter  be  expressed  in  grammes  per  cubic  centimetre,  in  kilo- 
grammes per  cubic  decimetre,  or  in  tonnes  per  cubic  metra 
.  If  V  denote  the  volume  of  a  body,  P  its  weight,  and  D  its  density, 
or  weight  per  unit  volume,  we  have 

D  =  -  P=VD.  Yzzz^J 

80  that  if  any  two  of  these  three  elements  are  given,  the  third  can 
be  computed. 

Example  I. — What  is  the  weight  of  a  mass  of  granite  of  84  cubic 
metres,  the  density  of  granite  being  2*75?  The  formula  gives 
P  =  84  X  2-75  =  231  tonnes. 

Example  IL — ^What  is  the  volume  of  1000  Idlos.  of  mercury,  the 
density  of  mercury  being  136?  ,  \  '-' 


V  =  -i^g-  =  73*5  litres,  since  the  litre  is  equal  to  the  cubic  deci-    .  v  ^ 


\ 


metres  l^. 

59.  Experimental  Betermination  of  Densities. — The  following  is  one 
of  the  simplest  methods  for  the  practical  determination  of  densitie& 
We  begin  by  weighing  the  body.  Suppose,  for  example,  its  weight 
to  be  10  grammes.  It  is  then  placed  upon  one  of  the  scale-pans  of  a 
balance,  along  with  a  flask  with  a  wide  neck,  of  a  form  such  as  is 
diown  in  Fig.  44,  and  exactly  full  of  water ;  these  are  balanced  in 
the  other  scale  by  weights  of  any  kind.  The  body  is  then  introduced 
into  the  flask,  and  evidently  displaces  a  volume  of  water  equal  to 
its  own  Toloma  If  now  we  close  the  flask,  taking  care  that  it  is 
filled  to  the  same  level  as  before,  wipe  it,  and  put  it  back  on  the 
actle-pan,  there  will  not  be  equilibrium.  In  order  to  re-establish 
eqnilibriam  we  must  add,  suppose,  2*5  gi*ammes ;  this  is  the  weight 
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of  a  volume  of  water  equal  to  that  of  the  body ;  the  specific  gravity  of 

the  latter  then  is  „.,  =  4.     When  we  wish  to  determine  the  density 
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Solids. 


cart, 7-8  to  8-4 

„      wire 8-54 

Bronze, 8*4 

Copper,  cast) 8*6 

sheet, 8'8 

„       hammered, 8*9 

Gold, 19  to  19-6 

Iron,  cast, 695  to  7*8 

„    wrought, 7*6    to  7*8 

Lead, Hi 

Plalmum, 21  to  22 

^ver, 10-6 

Sted, 7-8  to  7*9 

Tin, 7-8  to  7-5 

Zinc, 6-8  to  7-2 


Ice, -92 

Basalt, 800 

Brick, 2  to  2  17 

Brickwork, 18 

Chalk, 1-8  to  2-8 

Clay, 1-92 

Glass,  crown,  ., 2*6 

„     flint,  80 

Quartz  (lock-OTstal), 2 '65 

Sand, 1-42 

Fir,  spruce, •  48  to  '7 

Oak,  European, '69  to  99 

Lignum-vits, '65tol'33 

Sulphur,  octahedral, 2  05 

prismatic,        1*98 


It 


The  unit  of  specific  gravity  is  the  specific  gravity  of  pure  water  at  the  temperature  of 
maximum  density  (89°'l  Fahr.) 

The  weight  of  a  cubic  foot  of  any  substance  is  equal  to  62*425  lbs.  avoirdupois,  multi- 
plied by  its  specific  gravity. 

The  weight  of  a  cubic  centimetre  of  any  substance,  in  granunes,  is  equal  to  its  specific 
giavity. 

The  weight  of  a  litre  (or  cubic  decimetre)  of  any  substance,  in  kilogrammes,  is  equal  to 
its  specific  gravity. 

The  weight  of  a  gallon  of  any  liquid,  in  lbs.  avoirdupois,  is  equal  to  its  spedfic  gravity 
mnlliplied  by  10. 
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HYDBOSTATIC& 


60.  Transmission  of  Pressnre. — The  peculiar  constitution  of  liquids 
(§  19)  involves  some  important  properties  as  regards  pressure  and  the 
transmission  of  pressure.  If  we  suppose  that  in  a  vessel  A  (Fig.  46), 
full  of  liquid,  an  opening  is  made  at  P,  and  a  certain  pressure  applied 

there  by  means  of  a  piston,  the  effect  of  this 
pressure  will  be  to  bring  the  molecules  closer 
together,  and,  consequently,  to  create  a  repul- 
sive action  between  theuL  As  this  result 
takes  place  throughout  the  whole  extent  of 
the  mass,  it  is  evident  that  each  point  in  the 
sides  of  the  vessel  will  be  pressed,  and  that 
thus  the  effect  of  the  single  pressure  will  be 
transmitted  in  an  infinite  number  of  different 
Piwrom.  °^°  directiona  This  kind  of  irradiation  of  pres- 
sure in  fluids  is  a  distinctive  characteristic, 
and  has  most  important  applications. 

The  pressure  exerted  at  P  takes  effect  not  only  upon  the  sides  of 
the  vessel,  but  also  at  every  point  in  the  liquid.  Thus  a  small  plane 
lamina,  which  we  will  suppose  placed  at  M,  will  be  subjected  to  two 
equal  and  opposite  pressures  upon  its  two  faces.  It  is  also  very 
important  to  remark,  that  on  account  of  the  uniform  nature  of  the 
liquid,  these  pressures  will  not  change  in  magnitude  if  we  suppose 
the  lamina  turned  round  so  as  to  take  different  directions  in  the 
liquid  mass,  for  there  is  evidently  no  reason  why  the  pressure  should 
be  greater  in  one  direction  than  in  another. 

61.  Birection  of  Pressnre. — The  same  reason  of  symmetry  shows  us 
that,  at  each  of  their  points  of  application,  these  pressures  are  normal 
or  perpendicular  to  the  surface ;  for  if  any  reason  were  assigned  for 
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their  inclination  in  a  certain  direction,  a  similar  reason  could  also 
be  assigned  for  their  inclination  in  any  other  direction.  This  im- 
portant truth  may  also  be  inferred  from  observing  that  if  at  any 
point  M  in  the  side  of  a  vessel  (Fig.  47)  the  pressure  FM  was  not 
normal,  it  could  be  decomposed  into  two :  one, 
MN,  along  the  normal  to  the  surface,  which 
would  be  destroyed  by  the  resistance  of  the 
surface ;  the  other,  MA,  along  the  surface  itself, 
which  latter  force  would  cause  a  sliding  motion 
in  the  liquid  molecule  at  M,  which  serves  as 
the  medium  of  transmitting  the  pressure. 

Experiment  enables  us,  if  not  rigorously  to 
demonstrate  this  principle,  at  least  to  show  that  the  direction  of 
transmitted  pressure  is  sensibly  normal.  For  example,  if  a  sphere 
is  taken,  pierced  with  several  holes,  and  con- 
taining a  liquid,  which  is  compressed  by 
means  of  a  piston  in  a  tube  communicating 
with  the  sphere,  the  liquid  is  seen  to  spout 
out  in  jets  which  take  a  curvilinear  form 
under  the  action  of  gravity,  but  which  at 
their  origin  appear  perpendicular  to  the 
spherical  surface.  The  effect  is  the  more 
striking  the  greater  the  pressure  exerted  on 
the  piston. 

62.  Pascal's  Principle,  or  the  Equal  Trans- 
mission  of  Pressure  in  all  Birections. — If  we 
have  a  vessel  A  full  of  a  liquid  (Fig.  49),  and 
if  at  a  certain  point  P  a  certain  pressure  be 
exerted  by  means  of  a  piston  of  the  area  of 
a  square  inch,  suppose,  each  square  inch  of 

the  sides  of  the  vessel  will  be  subjected  to  an  equal  pressure.  If 
then  at  any  point  an  opening  is  made  of  the  area  of  a  square  inch, 
and  closed  with  a  piston,  it  will  be  necessary,  in  order  to  prevent 
the  piston  from  moving,  to  apply  to  it  from  outside  a  pressure  equal 
to  that  which  is  directly  applied  to  the  piston  F.  A  lamina  of  the 
same  area  placed  in  any  direction  in  the  liquid  will  also  be  subjected 
to  an  equal  pressure  on  each  of  its  two  facea 

Hence  it  follows  that  if  we  suppose  a  piston  of  the  area  of  two 
square  inches  closing  a  corresponding  opening,  since  each  of  these 
two  inches  of  area  receives  a  pressure  equal  to  that  which  acts  upon 


Fig.  48. 


92  HYDROSTATICS. 

P,  the  whole  piston  will  receive  a  double  pressure ;  whence  we  see 
that  in  general  the  transmitted  pressure  should  vary  as  the  area  of 
the  surface  pressed. 

This  is  the  form  in  which  Pascal  enunciated  the  principle  in  his 

celebrated  treatise  on  the  Equilibrium  of 
Liquids.  *'  If  a  vessel  full  of  water,  closed 
on  all  sides,  has  two  openings,  the  one  a 
hundred  times  as  large  as  the  other,  and 
if  each  be  supplied  with  a  piston  which 
fits  exactly,  a  man  pushing  the  small 
piston  will  exert  a  force  which  will  equili- 
brate that  of  a  hundred  men  pushing  the 
Pig.  49.-Pa«!ai's  Principle.         pistou  wliich  is  a  hundred  times  as  large, 

and  will  overcome  that  of  ninety-nine. 
And  whatever  may  be  the  proportion  of  these  openings,  if  the  forces 
applied  to  the  pistons  are  to  each  other  as  the  openings,  they  will 
be  in  equilibrium." 

In  general,  let  P  be  the  pressure  exerted  upon  a  liquid  by  the  aid 

of  a  piston  of  superficial  extent  S,  each  unit  of  surface  of  this  piston 

p 
will  be  subjected  to  a  pressure  =,    and,  as  a  consequence,  on  each 

unit  of  surface  of  the  sides  of  the  vessel  a  similar  pressure  will  be 

produced.     If  then  openings  of  areas  S',  S" are  made  at  different 

points,  and  closed  with  pistons,  we  must,  in  order  to  prevent  the 
pistons  from  moving,  apply  to  them  forces  F,  F' .  .  .  .  equal  respec- 

P        P  .        . 

tively  to  S'  ^,  S"  ^  .  . .  .  which  gives  the  following  equations: — 

P  P         P       P'       P" 

F-S   g,    P'    -  S     g,   o'-g  -s^-g^- 

63.  Pascal's  principle  leads  to  a  consequence  which  we  may  verify 
by  experiment.  If  into  a  system  of  two  tubes  in  communication 
with  each  other,  and  of  unequal  sectional  area,  we  introduce  a  liquid, 
it  will  stand  at  the  same  height  in  both  branches.  If  then  we  place 
a  piston  on  the  liquid  in  the  narrow  tube,  and  subject  it  to  a  certain 
pressure  P,  this  pressure  will  be  transmitted  to  the  liquid,  which  will 
be  forced  back  into  the  large  tube;  to  hinder  this  motion  we  must 
place  a  piston  in  the  large  tube,  and  apply  to  it  a  force  which  has 
the  same  ratio  to  the  force  P  as  the  area  of  the  larger  piston  to  that 
of  the  smaller.  If,  for  example,  the  former  has  an  area  16  times 
that  of  the  latter,  a  pressure  of  1   pound  exerted  at  one  of  the 
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Fig.  60.— Principle  of  the  Hydnolic 
Pi 


extremities  of  the  liquid  column  will  produce  a  pressure  of  16  pounds 
at  the  other  extremity.     We  thus  see  that  a  small  force  may  be 
made  to  produce  a  very  great  one.     This 
is  the  principle  of  the  liydraulic  press,  a 
machine  which  we  shall  describe  further  on. 

We  must  remark,  however,  that  if  work 
is  to  be  done,  the  one  piston  must  displace 
the  other;  and  it  is  very  evident  that,  on 
account  of  the  difference  of  section,  if  the 
small  piston  moves  through  a  certain 
length,  the  large  piston  will  move  through 
one-sixteenth  of  that  length;  so  that  in 
this  apparatus  we  have  a  direct  verifica- 
tion of  this  general  principle  of  mechanics, 
that  what  is  gained  in  fmxe  is  lost  in 
velocity. 

This  twofold  observation  has  been  clearly  enunciated  by  Pascal, 
who  expresses  himself  in  the  following  manner  at  the  end  of  the 
passage  which  we  have  already  quoted: — "Whence  it  appears  that 
a  vessel  full  of  water  is  a  new  principle  of  mechanics,  and  a  new 
machine  for  the  multiplication  of  force  to  any  required  degree,  since 
one  man  will  by  this  means  be  able  to  raise  any  given  weight. 

**  It  is,  besides,  worthy  of  admiration  that  in  this  new  machine 
we  find  that  constant  rule  which  is  met  with  in  all  the  old  ones, 
such  as  the  lever,  wheel  and  axle,  screw,  &c.,  which  is  that  the 
distance  is  increased  in  proportion  to  the  force;  for  it  is  evident  that 
as  one  of  these  openings  is  a  hundred  times  as  large  as  the  other, 
if  the  man  who  pushes  the  small  piston  drives  it  forward  one  inch, 
he  will  drive  the  large  piston  backward  only  one-hundredth  part  of 
that  length." 

If  we  endeavoured  to  perform  the  preceding  experiment  in  order 
to  demonstrate  experimentally  the  principle  of  Pascal,  we  should 
arrive  at  only  an  approximate  verification ;  for  to  obtain  an  accurate 
experiment  it  would  be  necessary  that  the  pistons  should  fit  their 
openings  with  great  exactness,  .and  this  would  involve  a  large  amount 
of  friction. 

The  verification  would  be  still  more  difficult  if  we  endeavoured  to 
perform  the  experiment  described  in  §  62,  for  in  this  case,  besides 
the  cause  of  error  which  we  have  just  mentioned,  the  phenomena 
would  be  complicated  by  the  action  of  gravity,  which  of  itself  pro- 
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duces  variable  pressures  on  the  different  openings,  according  to  their 
depth  below  the  surface  of  the  liquid.^  In  fact,  the  principle  of 
Pascal  is  an  abstract  principle,  a  kind  of  general  synthesis  of  pheno- 
mena which  cannot  be  made  the  subject  of  direct  demonstration. 
It  is  by  the  constant  agreement  of  its  consequences  with  our  observa- 
tion that  the  authority  and  legitimacy  of  the  principle  are  estab- 
lished ;  we  shall  see  from  all  that  follows  how  complete  and  invariable 
is  that  agreement. 

64.  Fundamental  Principle  of  Equilibrium  in  Heavy  Liquids.  8nrfliC68 
of  Equal  Pressure. — Pascal's  principle  is  a  general  consequence  of  the 
constitution  of  liquids,  and  is  independent  of  the  action  of  gravity. 
By  introducing  this  latter  force  we  arrive  at  special  results,  which 
we  shall  describe  in  succession.  The  most  important,  which  may  be 
considered  as  the  fundamental  rule  in  hydrostatics,  consists  in  the 
fiewst  that  the  different  points  in  a  horizontal  layer  of  a  heavy  liquid 

are  subject  to  the  same  pressure.  Let  us  con- 
sider two  points,  A  and  B  (Fig.  51),  situated  in 
the  same  horizontal  plane  in  a  heavy  liquid. 
If  we  suppose  that  A  and  B  are  the  centres  of 
two  small  plane  surfaces  which  are  vertical  and 
parallel,  we  may  consider  these  surfaces  as  the 
bases  of  a  very  narrow  horizontal  cylinder  of 
liquid.  As  this  cylinder  is  in  separate  equi- 
librium in  the  general  mass,  we  may  conclude 
that  its  bases  A  and  B  are  subject  to  equal  and  contrary  pressures 
in  the  direction  of  the  arrows  shown  in  the  figure;  for  the  re- 
maining pressures  due  to  the  surrounding  liquid  act  in  directions 
perpendicular  to  the  axis  of  the  cylinder,  and  thus  cannot  influence 
the  equilibrium  in  the  direction  of  the  axis.  The  two  elements  A 
and  B  are  therefore  subject  to  the  same  pressure  in  one  direction; 
but  the  pressure  at  a  point  is  equal  in  all  directions  (§  60) ;  and  as  A 
and  B  are  any  points  in  the  same  horizontal  layer,  it  follows  that  the 
pressures  at  all  points  in  the  same  horizontal  layer  are  equal  We 
may  add,  as  a  consequence  of  this,  that  the  density  is  also  the  same 
at  all  points  of  a  horizontal  layer.  On  account  of  the  slight  com- 
pressibility of  liquids,  the  variation  of  their  density  with  the  depth 

^  The  pressurefl  on  the  diiferent  pistons  (supposed  equal  in  area)  would  diffisr  from  each 
other  by  constant  amounts,  depending  on  their  differences  of  level ;  but,  on  account  of  this 
constancy,  any  incrtaat  of  pressure  on  one  piston  would  require  an  equal  increase  iff 
gtressure  on  every  other  in  order  to  the  maintenance  of  equilibrium. 
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is  scarcely  sensible;  but  the  above  result  is  true  for  all  heavy  fluids, 
whether  compressible  or  incompressibla 

In  proceeding  from  one  surface  of  equal  pressure  to  another,  the 
pressure  increases  or  diminishes  according  as  the  depth  increases  or 
diminishea     Thus,  for  example,  if  we  consider  a  small  horizontal 
element  tti  of  a  horizontal  layer  AB,  and  con- 
ceive the  vertical  cylinder  im/n^  reaching  to 
the  horizontal  layer  CD,  it  is  quite  clear  that, 
independently  of  the  pressure  at  m',  which 
is  transmitted  undiminished  to  m,  this  latter 
element  is  subject  to  a  pressure  equal  to  the 
weight  of  the  liquid  contained  in  the  cylinder 

If  we  call  s  the  area  of  the  element  m,  A 
the  distance  between  the  two  horizontal  layers, 

and  d  the  weight  of  unit  volume  of  the  liquid,  the  volume  of  the 
cylinder  is  expressed  by  ^A,  and  its  weight  by  shd.  This  last  ex- 
pression, therefore,  represents  the  variation  of  pressure  for  an  element 
of  area  «,  when  its  depth  below  the  surface  varies  by  a  quantity 
equal  to  A;  and  dividing  by  the  area  9  we  see  that  hd  is  the  ex- 
pression for  the  difference  of  pressure  per  unit  area,  corresponding 
to  a  difference  of  depth  A. 

65.  Free  Snrfkoa — It  follows  from  the  forgoing  principles  that 
the  free  surface  of  a  heavy  liquid  must  be  horizontal.  We  have 
already  given  an  experimental  demonstration  of  this  important  fact. 


Fig.6S. 


Fig.  58. 


FlS.  M. 


It  ooald  also  have  been  predicted  from  d  priori  considerations  Let 
CD  (Fig.  53)  he  the  free  surface,  and  m,  rnf  two  small  equal  elements 
of  surface,  in  the  horizontal  layer  AB.  These  two  elements  must  be 
subject  to  equal  pressures,  which  are  evidently  represented  by  the 
weights  of  the  cylinders  mn,  mfn']  these  cylinders  must,  therefore, 
have  the  same  height,  or  the  points  n  and  n'  must  be  in  the  same 
horizontal  plane. 
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The  same  conclusion  is  arrived  at  by  observing  that  if  at  any  point 
whatever  of  the  surface  M  (Fig.  54)  the  liquid  did  not  assume  a 
horizontal  position,  the  weight  of  the  liquid  molecule  at  M  could  be 
decomposed  into  two  forces,  one  perpendicular  to  and  one  along  the 
surface  of  the  liquid.  The  effect  of  the  first  would  merely  be  to 
compress  the  liquid,  and  it  would  be  destroyed  by  the  reaction  of 
the  liquid;  but  the  second  would  produce  a  displacement  of  the 
molecule.  Equilibrium,  therefore,  can  only  exist  on  condition  of  the 
annihilation  of  this  second  component;  that  is,  the  surface  must  be 
horizontal  at  all  point& 

This  mode  of  reasoning  shows  us  that,  in  general,  when  the  liquid 

mass  is  subjected  to  the  action  of  any  number  of 
forces,  it  is  necessary  for  equilibrium  that  the  free 
surface  be,  at  all  points,  perpendicular  to  the  re- 
sultant of  the  acting  forcea     If,  for  instance,  we 
place  upon  the  whirling  table  a  glass  containing 
a  liquid  (Fig.  55),  and  give  it  a  rotatory  motion, 
we  shall  see  the  surface  become  hollowed,  and 
assume  a  curvilinear  form.     In  fact,  each  of  the 
molecules  is  subjected  simultaneously  to  the  action 
of  gravity  and  of  centrifugal  force ;  and  it  is  the 
resultant  of  these  two  forces  which  must  be  every- 
where perpendicular  to  the  free  surface.      It  is 
easily  shown  that  this  surface  must  be  a  para- 
boloid of  revolution,  so  that  the  section  repre- 
sented in  the  figure  is  a  parabola. 
66.  Pressure  upon  the  Bottom  of  Vessels. — If  we 
Fig.  65. —Rotating  Veasei    cousider  a  hcRvy  liquid    placed    in  a  vessel   the 

bottom  of  which  is  formed  by  a  plane  horizontal 
surface,  it  is  easy  to  determine  the  pressure  exerted  by  the  liquid 
upon  this  plane.  Let  ABMN  (Fig.  56)  be  a  vessel  fiUed  with 
liquid  to  the  level  MN,  and  m  an  element  of  surface  on  the  bottom 
AB.  On  m  suppose  a  small  vertical  cylinder  to  stand,  meeting 
the  horizontal  layer  LL'  in  m'.  Ou  the  element  n,  equal  to  m, 
and  in  the  horizontal  layer  LL',  suppose  a  vertical  cylinder  to 
stand,  cutting  the  horizontal  layer  RR'  in  n\  Suppose  another 
similar  vertical  cylinder  on  r,  an  element  equal  to  m,  and  let  this 
cylinder  meet  SS'  in  r';  it  is  evident  that,  by  continuing  this  con- 
struction, we  shall  finally  arrive,  whatever  be  the  shape  of  the  vessel, 
at  a  cylinder    ss',  which  will  extend  upwards  to  the  free  surface 
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Fig.  69.— Pranira  on  the  Bottom  of 
Veaittli. 


MN.     Now,  the  element  m  is  subject  to  a  pressure  greater  than  that 

at  m'  by  a  quantity  equal  to  the  weight  of  the  cylinder  mm!.    Simi- 

rally  wi'  is  subject  to  a  pressure  which 

is  equal  to  that  at  n^  and  greater  than 

that  at  n'  by  a  quantity  equal  to  the 

weight  of  the  cylinder  n7i  ;  whence 

it  is  evident,  by  pursuing  this  reason- 

iog,  that  the  element  m  supports  a 

pressure  equal  to  the  sum  of  the 

weights  of  the  cylinders  7)vnh\  nn\ 

rr\  88' \  that  is,  to  the  weight  of  a 

cylinder  of  liquid  standing  on  tbe 

base    TO,   and    extending  vertically 

upwards  to  the  firee  surface.     As  all 

points  in  the  bottom  AB  are  subject  to 

the  same  pressure,  it  follows  that  the  entire  pressure  on  the  bottom 

of  the  vessel  is  equal  to  the  weight  of  a  liquid  column  whose  base 

is  the  bottom  of  the  vessel,  and  height  the  vertical  distance  between 

the  bottom  and  the  free  surface,  or  what  is  called  the  height  of  the 

liquid  in  the  vessel^ 

Let  B  be  the  area  of  the  bottom  of  the  vessel,  H  the  height  of 
tbe  liquid,  and  D  its  weight  per  unit  volume,  then  the  pressure  is 
expressed  by  the  formula  BHD. 

If,  for  instance,  in  a  vessel  whose  bottom  is  two  square  decimetres 
in  are.a,  there  is  a  column  of  mercury  of  the  height  of  SJ  decimetres, 
the  volume  of  this  column,  which  measures  the  pressure,  is  2  x  5i 
=11  cubic  decimetres,  and  its  weight*  is  11  Xl3'59=14949  kilo- 
grammes. 

67.  Experiment  of  Pascal's  Vases. — The  preceding  proposition  shows 
that  the  pressure  on  the  bottom  of  a  vessel  depends  only  upon  the 
area  of  the  bottom  and  the  height  of  the  liquid,  the  form  of  the 
vessel  being  quite  immaterial.  In  order  to  verify  this  fact,  Pascal 
contrived  an  experiment  which,  with  some  modifications,  is  now 
commonly  introduced  in  courses  of  physica  The  apparatus  employed 
is  a  tripod  (Fig.  57)  supporting  a  ring,  into  which  can  successively 


/ 
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^In  these  reinarkB  we  neglect  the  atmospheric  pressure  which  is  exerted  upon  the  free 
EoifBce  and  transmitted  to  the  bottom  of  the  vessel. 

'This  example  illustrates  the  convenience  of  the  metrical  system.   The  weight  of  a  cubic 

dsdm.  of  water  is  1  kilo.,  and  the  sp.  gr.  of  mercury  is  13*59 ;  hence  the  weight  of  a  cubic 

dsdm.  of  mercxuT  is  13*59  kilos. 
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be  screwed  three  vessels  of  different  shapes,  one  widened  upwards, 
another  cylindrical,  and  the  third  tapering  upwards.  At  the  lower 
part  of  the  ring  ia  a  disc,  supported  by  a  thread  fixed  to  one  of  the 
Bcalea  of  a  balance.  Weights  placed  in  the  other  scale  keep  the 
disc  pressed  against  the  ring  with  a  certain  force.  Let  the  cylin- 
drical vase  be  placed  upon  the  tripod,  and  tilled  with  water  until  the 


pressure  exerted  on  the  disc  detaches  it  from  the  ring.  An  indicator 
marks  the  level  of  the  liquid  when  this  takes  place  Let  the  experi- 
ment be  repeated  with  the  two  other  vases,  and  the  disc  will  be 
detached  when  the  water  has  reached  the  same  height;  showing 
plainly  that  the  pressure  on  the  bottom  of  a  vessel  is  independent  of 
the  shape  of  the  vessel. 

But  we  may  go  further;  for  in  the  case  of  the  cylindrical  vessel 
it  is  evident  that  the  pressure  on  the  bottom  is  equal  to  the  weigKt 
of  the  contained  liquid.  Now  this  weight  is  necessarily  equal  to 
that  which  counterpoised  it  in  the  other  scale  of  the  balance;  heace 
in  all  three  cases  the  pressure  on  the  bottom  of  the  vessel  is  equal  to 
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tiie  weigbt  of  a  liquid  columo  with  the  bottom  as  base  and  of  the 
nine  height  as  the  liquid  in  the  vessel 

68.  Upward  Pnasnre. — The  prewure  exerted  at  any  point  of  a  liquid 
mass  being  the  same  in  all  directions,  a  horizontal  surface  facing 
downwards  should  be  subjected  to 

an  upward  pressure  equal  to  the 
downward  pressure  whicli  would 
be  eserted  if  the  liquid  were  acting 
in  the  other  direction.  Suppose 
we  take  a  tube  open  at  both  ends 
(Fig.  58),  and  apply  to  the  lower 
end  a  flat  cover.  If  we  plunge  the 
tube  into  a  liquid,  the  liquid  will 
press  up  the  cover  against  the  bot- 
tom of  the  tube  with  a  force  which 
increases  as  the  tube  is  plunged 
deeper  in  the  liquid.  If  we  then 
pour  liquid  into  the  tube,  this  will 
produce  a  downward  pressure  upon 
the  cover,  and  when  the  level  of 

the  liquid  is  the  same  inside  the  ^  is.-upw»rd  p»«n. 

tube  as  outside  the  cover  will  be 

detached,  the  upward   pressure   being   destroyed   by  the   pressure 
exerted  by  the  liquid  iuside  the  tube  in  the  contrary  direction. 

69.  Total  Pressure.  Besoltant  Pressure  on  VeaaeL  Hydrostatic  Paradox. 
— "When  a  vessel  of  any  shape  is  filled  with  a  liquid,  normal  pres- 
sures are  exerted  agaiust  ail  points  of  its  sides,  increasing  with  the 
depth,  and  equal  in  each  case  to  the  pressure 

in  the  corresponding  horizontal   layer  of  the  Wliw 

liquid.     We  may  suppose  a  summation  of  all  .JTil 

the  pressures  tlius  exerted  upon  the  different  '^^^      "    ^\*' 

superficial  elements  of  the   sides-,    this  gives  f^  ~~'^^\ 

what  is  called  the  total  preamire  exerted  by  J\~-         "  "_-—')  , 

the  liquid  (see  §  72).  \^^^zz=^rj'' 

This  total  pressure  must  not  be  confounded  \l^ ~^  -^  "^"^  / 

with   the   resultant   pressure   which   is   trans-  \^  i  ~  i^-*' * 

mitted  to  the  stand  on  which  the  vessel  rests.  ^~^  a       b  -■--4 

In  fact  we  see  that,  of  the  elements  of  prea-  fij.  so.-^Totai  PiHmn, 
sure,  some  are  transmitted  entire  to  the  stand; 

these  are  the  vertical  pressures  exerted  upon  the  bottom  AB ;  others. 
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those  for  instance  at  n  and  «.',  are  only  transmitted  in  part,  because 
their  direction  is  oblique ;  the  horizontal  pressures  at  r  and  /  are 
evidently  without  influence ;  and  tlie  pressures  exerted  at  a  and  tf 
tend  to  raise  the  vessel.  It  is  by  the  combination  and  coTnposUion 
of  these  pressures  of  different  intensity  and  direction  that  the  re- 
sultant pressure  upon  the  stand  on  which  the  vessel  rests  b  obtained 

Hydrostatic  Paradox. — It  has  been  thought  paradoxical  that 
vessels  whose  bottoms  were  subjected  to  equal  pressures  did  not 
transmit  equal  pressures  to  the  stand  on  which  they  were  placed. 
In  reality,  nothing  is  less  paradoxical;  the  pressure  on  the  bottom 
of  tlie  vessel  is  only  one  of  the  elements  which  combine  to  produce 
the  resultant  pressure  transmitted  to  the  stand. 

70.  Composition  of  PreBBnres- — It  may  be  regarded  as  quite  evident 
that  this  latter  pressure  is  in  all  cases  equal  to  the  weight  of  the 
liquid ;  which  amounts  to  saying  that  if  we  place  a  vessel  containing 
liquid  in  one  scale  of  a  balance,  we  must,  in  order  to  equilibrate  it, 
place  in  the  other  scale  weights  equal  to  the  sum  of  the  weights  of 
the  liquid  and  the  vessel.  This  result  is  also  easily  shown  from 
a  priori  considerations  in  some  simple  cases. 

Thus  in  the  case  of  a  cylindrical  vessel  ABDC  (Fig.  60)  it  is  evi- 
dent that  the  only  pressure 
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transmitted  to  the  stand  is 
that  exerted  upon  the  bot- 
tom, which  is  equal  to  the 
weight  of  the  liquid.  In  the 
case  of  the  vessel  which  is 
wider  at  the  top,  the  stand 
is  subjected  to  the  weight 
of  the  liquid  column  ABSK, 
which  presses  on  the  bottom  AB,  together  with  the  columns  GHKC, 
RLDS,  pressing  on  GH  and  RL ;  the  sum  of  which  weights  composes 
the  total  weight  of  liquid  contained  in  the  vessel.  Finally,  in  the 
tliii'd  case,  the  pressure  on  the  bottom  AB,  which  is  equal  to  the 
weight  of  a  liquid  column  ABSK,  roust  be  diminished  by  the  pres- 
sures in  the  opposite  direction  on  HQ  and  BL.  These  last  being 
represented  by  liquid  columns  HGCK,  RLSD,  there  is  only  left  to  be 
transmitted  to  the  stand  a  pressure  equal  to  the  weight  of  the  water 
in  tlie  vesseL  By  the  application  of  the  ordinary  rules  for  the  com- 
position of  forces,  it  can  easily  be  shown  that  this  result  is  perfectly 
general     Here,  then,  we  have  Pascal's  principle  leading  to  a  condu- 
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BJOD  vhich  is  obvioosly  true,  and  which  therefore  famishes  a  eon- 
firmatioa  of  ihe  principle  itself 

71.  Motion  prodnoed  by  the  Flowing 
of  a  Liquid. — The  demonstration  to 
which  we  have  just  referred  amounts 
to  showing,  by  ttte  analysis  of  the  dif- 
ferent pressures,  that  the  horizontal 
components  of  these  pressures  equili- 
brate each  other,  and  that  the  vertical 
components  are  equivalent  to  a  single 
force  equal  to  the  weight  of  the  liquid. 
The  evidence  of  experiment  is  as  strong  v^fi 
for  the  first  part  of  this  proposition    i^i;i^?f§S 


as  for  the  second.    If  we  place  a  vessel 
(Fig.  61)  in  such  a  position  as  to  be 
very  susceptible  of  motion  in  a  hori- 
zontal direction,  whether  by  suspending  it  by  a  thread,  or  by  Seating 
it  in  water,  and  under  these  clrcumstanceB  M  it  with  liquid,  however 
great  may  be  the 
mobility  of  the  ap- 
paratus,   not    the 
slightest  displace- 
ment is  observed. 
This  proves   that 
th  e  horizontal  com- 
ponents    of   pres- 
sure     equilibrate 
one  another.   This 
equilibrium  is  ef- 
fected through  the 
medium  of  the  ves- 
sel ;  but  if  we  sup-  ; 
pose   an    opening  | 
made  at  any  point ! 
of  the  vessel,  the  • 
liquid  will  run  out, 
and   the   pressure 
exerted     at     the 
point  diametrical- 
ly opposite  will  propel  the  vessel  in  the  opposite  direction  to  that  ii 
which  the  liquid  is  escaping. 


Fig.  At.— HjdHLDllc  Tounlqael 
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This  observation  explains  the  motion  of  the  apparatus  caUed  the 
hydraulic  tourniquet  It  consists  (Fig.  62)  of  a  vessel  capable  of 
rotation  about  a  vertical  axis,  having  at  its  lower  extremity  a  tube, 
the  two  portions  of  which  are  bent  in  opposite  directions,  and  left 
open  at  the  ends  to  allow  the  liquid  to  escape.  The  reaction  at  the 
points  opposite  to  the  openings  causes  the  rotatory  motion  of  the 
apparatus. 

When  the  velocity  of  efflux  is  sufficiently  great,  the  motion  can 
be  employed  for  practical  purposes,  and  hydraulic  engines  based 
on  this  principle  have  frequently  been  proposed  and  tried ;  Barker's 
mill  is  one  of  the  best  known. 

72.  Centre  of  Preesure. — When  we  consider  the  particular  case  of 
the  pressure  exerted  by  a  liquid  upon  a  plane  surface,  the  different 
elements  of  pressure  being  all  parallel,  it  may  be  required  to  deter- 
mine the  point  of  application  of  the  resultant  pressure.  This  point 
is  called  the  centre  of  pressure.  The  centre  of  pressure  does  not 
coincide  with  the  centre  of  gravity;  it  is  always  situated  below 
this  latter,  since  the  elementary  forces  which  must  be  combined  in 
order  to  obtain  it,  instead  of  being  uniformly  distributed  over  the 
surface,  increase  with  the  depth. 

The  investigation  of  the  centre  of  pressure  constitutes  a  separate 
chapter  of  mathematical  physics,  and  we  shall  not  enter  upon  it  here; 
we  shall  simply  examine  a  particular  case,  fitted  to  give  accurate 
ideas  with  regard  to  this  point. 

Let  a  rectangular  surface  RB  be  immersed  in  a  liquid,  which  extends 

as  far  as  R;  we  may  suppose  it,  for  in- 
stance, a  flood-gate  or  the  side  of  a  dam 
for  holding  water.  The  pressure  goes  on 
increasing  from  the  point  R,  where  it  is 


fl"  ^    zero,  to  the  point  B,  where  it  attains  its 

P  '^^    maximum  value;  it  has  the  same  value 

^^ iIb-     ._..:::::::.    for  all  points  in  the  same  horizontal  line, 

Fig.63.-centix»ofPrt«ur«.        ^^^  '^  ^^  ^^"^  P^^"^  proportional  to  the 

distance  from  the  surface  of  the  water. 
If,  then,  at  the  point  B  we  draw  a  perpendicular  B6  equal  to  RB, 
and  join  R6,  the  different  parallel  lines  Dd,  HA,  LZ,  in  the  triangle 
RB6  will  be  proportional  to  the  pressures  at  the  points  D,  H,  L.  The 
composition  of  these  pressures,  then,  amounts  to  finding  the  centre  of 
gravity  of  the  triangle  R6B;  but  the  height  of  this  from  the  base  is 
one-third  of  the  height  of  the  triangle ;  the  centre  of  pressure  thus 
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lies  at  one- third  of  the  height  RB.  It  is  further  evident  by  symmetry 
that  it  will  lie  on  the  line  joining  the  middle  points  oif  the  upper 
and  lower  sides  of  the  rectangle. 

As  for  the  total  pressure  on  RB,  it  may  be  obtained  in  the  special 
case  under  consideration  by  observing,  that  since  the  pressure  in- 
creases uniformly  from  R  to  B,  its  average  intensity  is  equal  to  the 
pressure  at  the  middle  point.  The  total  pressure  is  therefore  the  same 
in  amount  (though  not  in  distribution)  as  if  the  surface  were  pressed 
at  all  points  by  a  body  of  water  of  half  the  height  of  RB. 

Suppose  the  height  of  RB  =  3  metres,  and  its  breadth  =s  5  metres, 
the  total  pressure  will  be  equal  to  the  weight  of  5  x  1*5 =7*5  cubic 
metres  of  water,  that  is,  to  7500  kilos.,  and  will  have  for  its  resultant 
a  single  force  of  this  amount  applied  not  at  the  centre  of  gravity, 
but  at  the  centre  of  pressure. 

We  may  remark  that  the  middle  point  of  the  height  of  the  rectangle 
exactly  corresponds  to  the  centre  of  gravity  of  the  figure,  and  it  may 
be  demonstrated  in  general  that  the  total  pressure  on  any  surface, 
whether  plane  or  curved^  is  equal  to  the  weight  of  a  liquid  column 
having  tkat  surface  for  base,  and  for  height  the  distance  of  the  centre 
of  gravity  from  the  surface  of  the  water. 


CHAPTER    IX. 
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73.  Pressure  of  Liquids  on  Bodies  immersed. — When  a  body  is  immersed 
in  a  liquid,  the  diflferent  points  of  its  surface  are  subjected  to  pres- 
sures which  obey  the  rules  laid  down  in  the  preceding  chapter. 
As  these  pressures  increase  with  the  depth,  it  is  evident  that  those 
which  tend  to  raise  the  body  overcome  those  which  tend  to  sink  it, 
so  that  the  resultant  effect  is  a  force  in  the  direction  opposite  to  that 
of  gravity. 

By  means  of  an  analysis,  similar  to  that  in  §  70,  it  may  be  shown 
that  this  resultant  upward  force  is  exactly  equal  to  the  weight  of  the 
liquid  displaced  by  the  body. 

This  conclusion  can  very  readily  be  verified  in  some  simple  cases: 
suppose,  for  example  (Fig.  64),  a  right  cylinder  plunged  vertically  in 
a  liquid,  and  let  us  examine  the  effect  of  the  different  pressures  exerted 
by  the  liquid  upon  its  surface.  It  is  evident,  in  the  first  place,  that 
if  we  consider  any  point  on  the  sides  of  the  cylinder,  the  normal  and 
horizontal  pressure  on  that  point  is  destroyed  by  the  equal  and 
contrary  pressure  at  the  point  diametrically  opposite;  and,  as  the 
same  is  the  case  for  all  similar  points,  we  see  that  the  horizontal 
pressures  destroy  each  other.  As  regards  the  vertical  pressures  on 
the  ends,  one  of  them,  that  on  the  upper  end  AB,  is  in  a  downward 
direction,  and  equal  to  the  weight  of  the  liquid  column  ABNN; 
the  other,  that  on  the  lower  end  CD,  is  in  an  upward  direction,  and 
equal  to  the  weight  of  the  liquid  column  CNND;  this  latter  pressure 
exceeds  the  former  by  the  weight  of  the  liquid  cylinder  ABCD,  so 
that  the  resultant  effect  of  the  pressure  is  to  raise  the  body  with  a 
force  equal  to  the  weight  of  the  liquid  displaced. 

By  a  synthetic  process  of  reasoning,  we  may,  without  having 
recourse  to  the  analysis  of  the  different  pressures,  show  that  this 
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conclusion  is  perfectly  general  Suppose  we  have  a  liquid  mass  in 
equilibrium,  and  that  we  consider  specially  the  portion  M  (Fig.  65) ; 
this  portion  is  likewise  in  equilibrium.  If  we  suppose  it  to  become 
solid,  without  any  change  in  its  weight  or  volume^  equilibrium  will 
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still  subsist  Now  this  is  a  heavy  mass,  and  as  it  does  not  fall,  we 
must  conclude  that  the  effect  of  the  pressures  on  its  surface  is  to 
produce  a  resultant  upward  pressure  exactly  equal  to  its  weight, 
and  acting  in  a  line  which  passes  through  its  centre  of  gravity. 
If  we  now  suppose  M  replaced  by  a  body  exactly  occupying  its  place, 
the  exterior  pressures  remaining  the  same  their  resultant  effect  will 
also  be  the  same. 

The  name  centre  of  buoyancy,  or  centre  of  displacement,  is  given 
to  the  centre  of  gravity  of  the  liquid  displaced  by  a  body  immersed, 
and  we  see  that  we  may  always  suppose  that  it  is  in  this  point  that 
the  upward  pressure  of  the  liquid  is  applied  The  results  of  the 
above  explanations  may  thus  be  included  in  the  following  proposi- 
tion :  Every  body  immersed  in  a  liquid  is  svbjected  to  an  upward 
vertical  pressure  equxxl  to  the  weight  of  the  liquid  displaced,  and 
applied  cU  the  centre  of  displa^cement 

This  proposition  constitutes  the  celebrated  principle  of  Archimedea 
It  is 'often  enunciated  in  the  following  form:  Every  body  immersed 
in  a  liquid  loses  a  portion  of  its  weight  equal  to  the  weight  of  the 
liquid  displaced.  This  enunciation,  though  perhaps  less  correct 
than  the  former,  is  fundamentally  identical  with  it ;  for  if  we  weigh 
a  body  immersed  in  a  liquid,  the  weight  will  evidently  be  diminished 
by  a  quantity  equal  to  the  upward  pressure. 

74.  Experimental  Demonstration  of  the  Principle  of  Archimedes. — ^The 
following  experimental  demonstration  of  the  principle  of  Archimedes 
is  commonly  exhibited  in  courses  of  physics: — 

From  one  of  the  scales  of  a  hydrostatic  balance  is  suspended  a 
hollow  cylinder  of  copper,  and  below  this  a  solid  cylinder,  whose 
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volume  is  equal  to  the  interior  Tolume  of  the  hollow  cylinder;  these 
are  balanced  by  weights  in  the  other  scale.  A  vessel  of  water  is 
then  placed  below  the  cylinders,  in  such  a  position  that  the  lower 
cylinder  ahall  be  immersed  in  it  The  equilibrium  is  immediately 
destroyed,  and  the  upward  pressure  of  the  water  causes  the  scale 
with  the  weights  to  descend.  If  we  now  pour  water  into  the  hollow 
cylinder,  equilibrium  will  gradually  be  re-established;  and  the  beam 
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will  be  observed  to  resume  its  horizontal  position  when  the  hollow 
cylinder  is  full  of  water,  the  other  cylinder  being  at  the  same  time 
completely  immersed.  The  upward  pressure  upon  this  latter  is  thus 
equal  to  the  weight  of  the  water  added,  that  is,  to  the  weight  of  the 
liquid  displaced, 

75.  Body  immersed  in  a  Liquid. — It  follows  from  the  priDciple  of 
Archimedes  that  when  a  body  is  immersed  in  a  liquid,  it  is  subjected 
to  two  forces:  one  equal  to  its  weight  and  applied  at  its  centre  of 
gravity,  tending  to  make  the  body  descend ;  the  other  equal  to  the 
weight  of  the  displaced  liquid,  applied  at  the  centre  of  buoyancy,  imd 
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tending  to  make  it  rise.  There  are  thus  three  difTerent  cases  to  be 
considered : 

(1.)  The  weight  of  the  body  may  exceed  the  weight  of  the  liquid 
displaced,  or,  in  other  words,  the  mean  density  of  the  body  may  be 
greater  than  that  of  the  liquid;  in  thia  case,  the  body  sinks  in 
the  liquid,  an,  for  instance,  a  piece  of  lead  dropped  into  water. 

(2.)  The  weight  of  the  body  may  be  less  than  that  of  the  liquid 
displaced;  in  this  case  the  body  rises  partly  out  of  the  liquid,  until 
the  weight  of  the  liquid  dispUced  is  equal  to  its  own  weight  This 
is  ^rhat  happens,  for  instance,  if  we  immerse  a  piece  of  cork  in  water 
and  leave  it  to  itself 

(3.)  The  weight  of  the  body  may  be  equal  to  the  weight  of  the 
liquid  displaced;  in  this  case,  the  two  opposite  forces  being  equal, 
the  body  takes  a  suitable  position  (§  77)  and  remains  in  equilibrium. 

These  three  cases  are  exemplified  in  the  three  following  experi- 
ments (Fig.  67)  :— 


Fl|-  n.— Egg  Plunged  in  Frah  ud  Sdt  Wilar. 

(I.)  An  e^  is  placed  in  a  vessel  of  water;  it  sinks  to  the  bottom 
of  the  vessel,  its  mean  density  being  a  Uttle  greater  than  that  of  the 
liquid 

(2.)  Instead  of  fresh  water,  salt  water  is  employed ;  the  egg  floats 
at  the  GuHace  of  the  liquid,  which  is  a  little  denser  than  it. 

(3.)  Fresh  water  is  carefully  poured  on  the  salt  water;  a  mixture 
of  the  two  liquids  takes  place  where  they  are  in  contact ;  and  if  the 
egg  is  put  in  the  upper  part,  it  will  be  seen  to  descend,  and,  after  a 
fev  oacUlations,  remain  at  rest  in  a  layer  of  liquid  of  wBich  it  dis- 
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places  a  Tolame  wliose  weight  is  equal  to  its  own.  We  may  rem&rk 
that,  ID  this  position  the  egg  is  in  stable  equilibrium ;  for,  if  it  rises, 
the  upward  pressure  diminishing,  its  weight  tends  to  make  it  descend 
agHJn ;  if,  on  the  contrary,  it  sinks,  the  pressure  increases  and  tends 
to  make  it  reascend. 

76.  Cartflsias  Diver. — ^The  experiment  of  the  Cartesian  diver,  which 
is  described  in  old  treatises  on  physics,  shows  each  of  the  different 
cases  that  can  present  themselves  when  a  body  is  immersed.    The 
diver  (Fig.  68)  consists  of  a  hollow  ball,  at  the  bottom  of  which  is  a 
small  opening  0;  a 
little  porcelain  figure 
is  attached  to  the  ball, 
and  the  whole  floats 
upon  water  contained 
in  a  glass  vessel,  the 
mouth    of  which  is 
g    closed  by  a  strip  of 
caoutchouc  or  a  blad- 
der. If  wepresswith 
the  hand  on  the  blad- 
der, the  air  is  com- 
pressed, and  the  pres- 
sure,       transmitted 
through  the  different 
horizontal        layera, 
condenses  the  air  in 
the  ball,  and  causes 
theentrance  of  a  por- 
tion of  the  liquid  by 
,  the  opening  O;  the 
Fig,  M.-c««^  Direr.  floating     body     be- 

comes heavier,  and  in 
consequence  of  this  increase  of  weight  the  diver  descends.  When 
we  cease  to  press  upon  the  bladder,  the  pressure  becomes  what  it  was 
before,  some  water  flows  out  and  the  diver  ascends.  It  must  be 
observed,  however,  that  as  the  diver  continues  to  descend  more  and 
more  water  enters  the  ball,  in  consequence  of  the  inci'ease  of  pressure, 
so  that  if  the  depth  of  the  water  exceeded  a  certain  limit,  the  diver 
would  not  be  able  to  rise  again  from  the  bottom. 

If  we  suppose  that  at  a  certain  moment  the  weight  of  the  diver 
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becomes  exactly  equal  to  the  weight  of  an  equal  Tolume  of  the  liquid, 
there  will  be  equilibrium;  but,  unlike  the  equilibrium  in  the  experi- 
ment in  §  75,  tnis  will  evidently  be  unstable,  for  a  slight  movement 
either  upwards  or  downwards  will  alter  the  resultant  force  so  as  to 
produce  further  movement  in  the  same  direction. 

77.  Belative  Positions  of  the  Centre  of  Gravity  and  Centre  of  Bnoyanoy. 
— In  order  that  a  floating  body,  wholly  or  partially  immersed  in  a 
liquid,  may  be  in  equilibrium,  it  is  evidently  necessary  that  its 
weight  be  ^ual  to  the  weight  of  the  liquid  displaced. 

This  condition,  which  is  absolutely  necessary,  is,  however,  not 
sufficient;  we  require,  in  addition,  that  the  action  of  the  upward 
pressure  should  be  exactly  opposite  to  that  of  the  weight;  that  is, 
that  the  centre  of  gravity  and  the  centre  of  buoyancy  be  in  the  same 
vertical  line ;  for  if  this  were  not  the  case,  the  two  contrary  forces 
would  compose  a  couple,  the  effect  of  which  would  evidently  be  to 
cause  the  body  to  turn. 

In  the  case  of  a  body  completely  immersed,  it  is  further  necessary 
for  stable  equilibrium  that  the  cerUre  of  gravity  should  be  below  the 
centre  of  buoyancy;  in  fact  we  see,  by  Fig.  69,  that  in  any  other 


Fig.  69.  Fig.  70. 

BaUtire  Poiitloiu  of  (^tre  of  QraTity  and  Centn  of  Preamue. 

position  than  that  of  equilibrium,  the  effect  of  the  two  forces  applied 
at  the  two  points  G  and  O  would  be  to  turn  the  body,  so  as  to  bring 
the  centre  of  gravity  lower.  But  this  is  not  the  case  when  the  body 
is  only  partially  immersed,  as  most  frequently  happens.  In  this  case 
it  may  indeed  happen  that,  with  stable  equilibrium,  the  centre  of 
gravity  is  below  the  centre  of  pressure ;  but  this  is  not  necessary, 
and  in  the  majority  of  instances  is  not  the  case.  Let  Fig.  70  represent 
the  lower  part  of  a  floating  body — a  boat,  for  instanca  The  centre 
of  pressure  is  at  O,  the  centre  of  gravity  at  Q,  considerably  above; 
if  the  body  is  displaced,  and  takes  the  position  shown  in  the  figure, 
it  will  be  seen  that  the  effect  of  the  two  forces  acting  at  O  and  at  G 
is  to  restore  the  body  to  its  former  position.     This  difference  from 
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Trhat  takes  place  when  the  body  ia  completely  immersed,  dependa 
upon  the  fact  that,  in  the  case  of  the  floatiog  body,  the  figure  of  the 
liquid  displaced  changes  with  the  motions  of  the  body,  and  the 
centre  of  buoyancy  moves  towards  the  side  on  which  the  body  is 
more  deeply  immersed.  It  will  depend  upon  the  form  of  the  body 
whether  this  lateral  movement  of  the  centre  of  buoyancy  is  sufficient 
to  carry  it  beyond  the  vertical  through  the  centre  of  gravity.  The 
two  equal  forces  which  act  on  the  body  ■will  evidently  turn  it  to  or 
from  the  original  position  of  equilibrium,  according  as  the  new  centre 
of  buoyancy  lies  beyond  or  falls  short  of  this  vertical^ 

78-  Advantage  of  Lowering  the  Centre  of  Oravity. — Although  stable 
equilibrium  may  subsist  with  the  cientre  of  gravity  above  the  centre 
of  buoyancy,  yet  for  a  body  of  given  form  the  stability  is  always 
increased  by  lowering  the  centre  of  gravity;  aa  we  thus  lengUien 
the  arm  of  the  couple  which  tends  to  right  the  body  when  displaced. 
It  is  on  this  principle  that  the  use  of  ballast  depends. 
79.  Phenomena  in  apparent  ContradiotioD  to  the  Prineiple  of  Aiahi- 
medes. — A  body  cannot  float  in  a 
liquid  unless  it  have  a  density  less 
than  that  of  the  liquid.    This  natu- 
ral consequence  of  the  principle  of 
Archimedes  seems  at  first  sight  to 
be   contradicted    by   some    well- 
known  facts.     Thus,  for  instance, 
if  small  needles  are  placed  care- 
fully on  the  surface  of  water,  they 
will  remain  there  in  equilibrium 
{Fig.  71).    It  is  on  a  similar  prin- 
ciple that  several  insects  walk  on 
water  {Fig.  72),  that  a  great  number  of  bodies  of  various  natures, 
provided  they  be  very  Tninute,  can,  if  we  may  so  say,  be  placed  on 
the  surface  of  a  liquid  without  penetrating  into  its  interior.     These 
curious  facts  depend  on  the  circumstance  that  the  small  bodies  in 

'  If  >  VEitiol  tbmugh  the  new  centre  of  buo^ranc;  be  dr&wn  upweHi  Va  meet  that  line 
in  the  body  which  in  the  poHtian  of  equilibrinm  wu  a,  Tertiol  throDgh  the  oentre  of 
gravity,  the  point  of  tntereectinn  is  called  the  meUxemlTt.  Evidently  when  the  forces  tend 
to  restore  the  body  to  the  {loeitJon  of  equilibrium,  the  metacentra  is  above  the  ceotro  of 
gravity ;  when  they  tend  to  increase  the  displacement,  it  is  beloir.  Id  ships  the  distance 
between  these  two  points  is  usually  nearly  the  came  for  all  amoanta  of  heeling.  Mid  ttiil 
distance  is  a  measure  of  the  stability  of  the  ship. 

Wa  have  defined  the  metaoentra  aa  the  intenection  ot  two  lines.     When  these  lines  Be 


Fi(  71.— Staal  Secdlo  Flosting  on 
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qaestion  are  not  wetted  by  the  liquid,  and  hence,  in  virtue  of  prin- 
ciples which  will  be  explained  in  connection  with  capillarity  (Chap, 
xi),  depressions  are  formed  around 
them  on  the  liquid  surface,  as  re- 
presented in  Fig.  73.  The  curva- 
ture of  the  liquid  surface  in  the 
neighbourhood  of  the  body  is  very 

distinctly  shown  by  observing  the  ^  ,,  _,^  ^,,^,„^  ^  ^^^ 

shadow  cast  by  the  floating  body, 

when  it  is  illumined  by  the  sun ;  it  is  seen  to  be  bordered  by  lumi- 
nous bands,  which  are  owing  to  the  refraction  of  the  rays  of  light  in 
the  portion  of  the  liquid  bounded  by  a  curvilinear  surface. 

The  existence  of  the  depression  about  the  floating  body  enables  us 
to  bring  the  condition  of  equilibrium  in  this  special  case  under  the 
general  enunciation  of  the  principle  of  Archimedea 
Let  M  be  a  section  of  the  body,  CD  the  distance 
to  which  the  depression  extends,  and  AB  the  cor-     J'^ '-^71~-" 
responding  portion  of  any  horizontal  layer;  since     --^^=^^   -  :   -  -j^ 
the  pressure  at  each  of  the  points  of  AB  must  be     "^        I 
the  same  as  in  the  other  parts  of  the  layer,  the 
liquid  acts  in  exactly  the  same  way  as  if  M  did  not  exist,  and  the 
cavity  were  filled  by  the  liquid  itself 

We  may  thus  say  in  this  case  also  that  the  weight  of  the  floating 
body  is  equal  to  the  weight  of  the  liqtdd  displaced,  understanding 
by  these  words  the  liquid  which  would  occupy  the  whole  extent  of 
the  depression  due  to  the  presence  of  the  body. 

80.  LiqoidB  in  Superposition. — When  liquids  of  diflerent  densities, 
which  do  not  readily  mix,  are  placed  in  the  same  vessel,  the  particles 
of  the  denser  liquids  unite  and  fall  to  the  bottom,  just  as  a  solid  body 
sinks  in  a  liquid  of  less  density;  finally,  the  liquids  arrange  them- 
aelves  in  the  order  of  their  respective  densities,  the  surfaces  of  separa- 
tion being  horizontal.  This  fact  is  verified  by  means  of  the  phial 
called  the  phial  of  the  four  elements.  It  is  a  flask  (Fig.  74)  contain- 
ing mercury,  water,  and  oil  In  the  state  of  equilibrium  the  mercury 
is  at  the  bottom,  the  oil  at  the  top,  and  the  water  in  the  middle;  if  the 

in  different  planes,  and  do  not  intersect  each  other,  there  is  no  metacentre.  This  indeed 
is  the  case  for  most  of  the  displacements  to  which  a  floating  body  of  irregular  shape  can  be 
nbjected.  There  are  in  general  only  two  directions  of  heeling  to  which  metacentres  cor- 
mpond,  and  these  two  directions  are  at  right  angles  to  each  other.  For  an  investigation 
of  the  oonditioiis  of  stability  in  floating  bodies,  see  Thomson  and  Tait's  Natural  Philotopkjf, 
K76S-76S. 
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flask  IB  Bhaken,  the  liquids  are  for  the  moment  mixed,  but  in  return- 
ing to  repose  do  Dot  fail  to  lesume  their  former  positions. 

It  is  easily  seen  from  the  ordinary  rules 
of  hydrostatics,  that  the  surface  of  sepa- 
ration of  two  different  liquids  must  be 
horizontal  Let  there  be  two  liquids  in 
a  vessel  (Fig.  75) ;  the  free  surface  is 
necessarily  horizontal  If  now  we  take 
two  equal  superficial  elements  n  and  n 
in  a  horizontal  layer  of  the  lower  liquid, 
theymust  be  subjected  to  equal  pressures; 
these  pressures  are  measured  by  the 
weights  of  the  liquid  cylinders  nrs  n'tl; 
and  these  latter  cannot  be  equal  unless 
there  be  the  same  height  of  the  lower 
liquid  above  the  elements  n  and  n'.  This 
Fhiii  at  tiiaFoDiEi<mmta  reasoning  holds  for  all  points  in  the  hori- 

zontal layer,  wliich  must  therefore  be  at 
a  constant  distance  from  the  surface  of  separation;  in  other  words, 
this  surface  must  be  horizontal. 

This  property  is  liable  to  considerable  modification  in  the  case  of 
liquids  which  can  dissolve  each  other  or 
act  chemically  upon  each  other.  Thus,  if 
alcohol  be  carefully  poured  upon  water  in 
a  glass,  the  two  liquids  will  be  seen  to  have 
for  their  sur&ce  of  junction  a  horizontal 
plane;  but  on  agitation  a  single  liquid  will 
be  formed  by  their  mutual  action,  and  the 
separation  will  not  again  take  place; 
If  the  agitation  is  not  sufficiently  great,  this  intimate  mixture  will 
only  partially  ensue,  and  will  be  confined  to  the  neighboiu-hood  of  the 
surface  of  contact  Two  uniform  layers  of  liquid  will  thus  be  formed, 
separated  by  an  intermediate  zone  of  unequal  density.  This  is  the 
case  at  the  mouth  of  a  river,  where  the  fi-esh  water  forms  on  the 
surface  of  the  sea  a  layer,  the  base  of  whic^  is  a  compound  of  freeh 
and  salt  water. 
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CHAPTER    X. 


APPLICATION  OF  THE  PRINCIPLE  OF  ARCHIMEDES  TO  THE 
DETERMINATION  OF  DENSITIE& — HTDROMETER& 


81.  Deteimination  of  Densities. — We  have  seen  in  Chap.  viL  that 
in  order  to  determine  the  density  of  a  body  it  is  only  necessary  to 
measure  the  ratio  existing  between  the  weight  of  a  certain  volume 
of  the  body  and  the  weight  of  an  equal  volume  of  water.  The 
principle  of  Archimedes  enables  us  to  effect  this  measurement  very 
easily,  and  the  process  which  it  suggests  is  sometimes  more  con- 
venient than  that  which  has  been  described  in  the  chapter  mentioned 
above. 

(1.)  Solid  bodies, — Suppose  that  the  object  whose  density  we  wish 
to  determine  is  a  piece  of  cop])er.  It  is  suspended  by  a  very  fine 
thread  to  one  of  the  scales  of  a  balance  (Fig.  76),  its  weight  is  deter- 
mined, and  found  to  be,  say  125-35«'-  The  body  is  then  immersed 
in  water;  the  equilibrium  is  destroyed  on  account  of  the  upward 
pressure  of  the  water,  and  in  order  to  re-establish  it,  we  must  add 
a  weight  of  \4i'2\^  to  the  scale  supporting  the  body.  This  addi- 
tional weight,  according  to  the  principle  of  Archimedes,  represents 
the  weight  of  a  volume  of  water  equal  to  the  volume  of  the  body. 

The  density  of  copper  is  thus  -ii.aA  =8*8. 

(2.)  Liquid  bodies, — From  one  of  the  scales  of  the  balance  is  sus- 
pended (Fig.  77)  any  body  whatever,  which  must,  however,  not  be 
capable  of  being  attacked  by  the  liquids  in  which  it  is  to  be  im- 
mersed ;  a  ball  of  glass  weighted  inside  with  mercury  is  very  well 
adapted  to  this  purpose.  The  exact  weight  of  this  is  obtained ;  it  is 
then  immersed  in  the  liquid  whose  density  is  sought — ^alcohol,  for 
example ;  an  upward  pressure  is  thus  produced,  and  in  order  to  re- 
estabfa'sh  equilibrium,  a  weight  of  3543^*  must  be  added  to  the  scale. 
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bodies  or  for  finding  their  specific  gravities.  To  find  the  weight  of 
a  body  (which  we  shall  suppose  to  weigh  less  than  1000  grwna),  it 
must  be  placed  in  the  dish  at  the  top,  together  with  weights  just 
sufficient  to  make  the  instrument  sink  in  wB.ter  as  far  as  the  mark. 
Obviously  these  weights  are  the  difl^erence  between  the  weight  of 
the  body  and  1000  grains. 

-To  find  the  specific  gravity  of  a  solid,  we  first  ascertain  its  weight 
by  the  method  just  described ;  we  then  transfer  it  from  the  dish  above 
to  the  basket  below,  so  that  it  shall  be  under  water  during  the  ob- 
servation, and  observe  what  additional  weights  must  now  he  placed 
in  the  dish.  These  additional  weights  represent  the  weight  of  the 
water  displaced  by  the  solid ;  and  the  weight  of  the  solid  itself  divided 
by  this  weight  is  the  specific  gravity  required. 


Fig.  TV.— Flhnutuit'i  Urilromner  Fl|.  BO.— Fan 

84.  Fahrenheit's  Hydrometer. — This  instrument,  which  is  repre- 
sented in  Fig.  79,  is  generally  constructed  of  glass,  and  differs  from 
Nicholson's  in  having  at  its  lower  extremity  a  ball  weighted  with 
mercury  instead  of  the  basket.  It  resembles  it  in  having  a  dish  at 
the  top,  in  which  weights  are  to  be  placed  sufBcient  to  sink  the 
instrument  to  a  definite  mark  on  the  stem. 

86.  Hydrometers  of  Variable  Immeision. — These  instruments  are  usn- 
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ally  of  the  forms  represented  at  A,  B,  C,  Fig.  80.  The  lower  end  is 
weighted  with  mercury  in  *order  to  make  the  instrument  sink  to  a 
convenient  depth  and  preserve  an  upright  position.  The  stem  is 
cylindrical,  and  is  graduated,  the  divisions  being  frequently  marked 
upon  a  piece  of  paper  inclosed  within  the  stem,  which  must  in  this 
case  be  of  glasa  It  is  evident  that  the  instrument  will  sink  the 
deeper  the  less  is  the  specific  gravity  of  the  liquid,  since  the  weight 
of  the  liquid  displaced  must  be  equal  to  that  of  the  instrument 
Hence  if  any  uniform  system  of  graduation  be  adopted,  so  that  all 
the  instruments  give  the  same  readings  in  liquids  of  the  same  den- 
sities, the  density  of  a  liquid  can  be  obtained  by  a  mere  immersion 
of  the  hydrometer — an  operation  not  indeed  very  precise,  but  very 
easy  of  execution.  These  instruments  have  thus  come  into  general 
use  for  commercial  purposea 

86.  Oeneral  Theory  of  Hydrometers  of  Variable  Immersion. — Let  Y  be 
the  volume  of  a  hydrometer  which  is  immersed  when  the  instrument 
floats  freely  in  a  liquid  whose  density  (that  is,  weight  per  unit 
volume)  is  d,  then  Yd  represents  the  weight  of  liquid  displaced, 
which  by  the  principle  of  Archimedes  is  the  same  as  the  weight  of 
the  hydrometer  itself.  If  Y\d'  be  the  corresponding  values  for 
another  liquid,  we  have  therefore 

that  is,  the  density  varies  inversely  as  the  volume  immersed.  Let 
di,  df,  ds.-.be  a  series  of  densities  in  diminishing  order,  and  Yi,  Y2, 
Ys...the  corresponding  volumes  immersed,  which  will  be  in  ascend- 
ing order;  then  we  have 

di,    d^    dt...  proportional  to  =^    .=-    =-... 

▼ii    V|,    Vf 

•nd  Yj,  Y^  Vg...  proportional  to  j   j-  j-... 

aiydaydt 

Hence,  if  we  wish  the  divisions  to  indicate  equal  differences  of  den- 
sity, we  must  place  them  so  that  the  corresponding  volumes  im- 
mersed form  a  harmonical  progression.  This  implies  that  the  di- 
visions must  approach  nearer  together  for  increasing  densities.  This 
is  of  coarse  on  the  assumption  that  the  stem  is  of  equal  sectional  area 
in  all  parts  as  far  as  the  divisions  extend. 

The  following  investigation  shows  how  the  density  of  a  liquid 
may  be  computed  from  observations  made  with  a  hydrometer  gradu-* 
ated  with  equal  divisions.  It  is  necessary  first  to  know  the  divisions 
to  which  the  instrument  sinks  in  two  liquids  of  known  density.     Let 
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these  divisions  be  numbered  ni,  n^^  reckoning  from  the  top  down- 
wards, and  let  the  corresponding  densities  be  tii,  da-  Now  if  we 
take  for  our  unit  of  volume  one  of  the  equal  parts  on  the  stem, 
and  if  we  take  c  to  denote  the  volume  which  is  immersed  when  the 
instrument  sinks  to  the  division  marked  zero,  it  is  obvious  that  when 
the  instrument  sinks  to  the  nth  division  (reckoned  downwards  on 
the  stem  from  zero)  the  volume  immersed  is  c  -  n,  and  if  the  corre- 
sponding density  be  called  d,  then  (c  -  7i)  d  is  the  weight  of  the  hydro- 
meter.    We  have  therefore 

(c  -  ni)  (ii  =  (c  -  «^  dj,  whence  c=    d'^t^' 

This  value  of  c  can  be  computed  once  for  alL 
Then  the  density  D  corresponding  to  any  other  division  N  can  be 
found  from  the  equation 

(c-N)  D=(c-nv)di  which  gives  D= — =^, 

if  c?i,  which  we  may  suppose  to  be  the  density  of  water,  be  called 
unity. 
87.  Beaum^'s  Hydrometers. — ^In  these  instruments  the  divisions 
are  equidistant     There  are  two  distinct  modes  of  gradua- 
tion, according  as  the  instrument  is  to  be  used  for  deter- 
mining densities  greater  or  less  than  that  of  water.    In 
the  former  case  the  instrument  is  called  a  salimeter,  and 
is  so  constructed  that  when  immersed  in  pure  water  of  the 
temperature  12^  Cent,  it  sinks  nearly  to  the  top  of  the 
stem,  and  the  point  thus  determined  is  the  zero  of  the 
scala     It  is  then  immersed  in  a  solution  of  15  parts  of 
salt  to  85  of  water,  the  density  of  which  is  about  11 16, 
and  the  point  to  which  it  sinks  is  marked  15.     The  inter- 
val is  divided  into  15  equal  parts,  and  the  graduation  is 
continued  to  the  bottom  of  the  stem,  the  length  of  which 
BoaumVa  Saii-  varfcs  accordiug  to  circumstances ;  it  generally  terminates 
'°®*^'     at  the  degree   66,  which  corresponds  to  sulphuric  acid, 
wliose  density  is  commonly  the  greatest  that  it  is  required  to  deter- 
mine.    Referring  to  the  formulsB  of  last  section,  we  have  here 


«i=o,  di=l,  n8=15,  «^=l-116; 


whence 


c= 


15x1116 

•11« 


144 


=  l^^'^=144rN- 
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Pig.  88.      Fig.  83. 
B6Mun6's  Alooboli- 


When  the  instrument  is  intended  for  liquids  lighter  than  water,  it 

is  called  an  alcoholimeter.  .  In  this  case  the  point  to  which  it  sinks 

in  water  is  near  the  bottom  of  the  stem,  and  is  marked 

10;  the  zero  of  the  scale  is  the  point  to  which  it  sinks 

in  a  solution  of  10  parts  of  salt  to  90  of  water,  the 

density  of  which  is  about  1*085,  the  divisions  in  this 

case  being  numbered  upward  from  zero. 

In  order  to  adapt  the  formulse  of  last  section  to  the 
case  of  graduations  numbered  upwards,  it  is  merely 
necessary  to  reverse  the  signs  otui,  n^t  and  N;  that 
is  we  must  put 

and  as  we  have  now  7ii=10,  <2i=1,  ns=o,  (2^=1 '085 
the  formuke  give^ 

10      ,-o  -.       128 

87  a.  Twaddell's  Hydrometer. — In  this  instrument  the  divisions  are 
placed  not  as  in  Beaum^^  at  equal  distances^  but  at  dis- 
tances corresponding  to  equal  differences  of  density.  In  fact 
the  specific  gravity  of  a  liquid  is  found  by  multiplying  the 
reading  by  5,  cutting  off  three  decimal  places,  and  pre- 
fixing unity.  Thus  the  degree  1  indicates  specific  gravity 
1-005,  2  indicates  1010,  &a 

88.  Gay  Lussac's  Centesimal  Alooholimeter. — ^When  a  hydro- 
meter is  to  be  used  for  a  special  purpose  it  may  be  con- 
venient to  adopt  a  mode  of  graduation  different  in  principle 
from  any  that  we  have  described  above,  and  adapted  to 
give  a  direct  indication  of  the  proportion  in  which  two 
ingredients  are  mixed  in  the  fluid  to  be  examined.  It  may 
indicate,  for  example,  the  quantity  of  salt  in  sea-water,  or 
the  quantity  of  alcohol  in  a  spirit  consisting  of  alcohol  and 
water.  Where  there  are  three  or  more  ingredients  of  dif- 
ferent specific  gravities  the  method  fails.  Gay-Lussac's  alco- 
holimeter is  graduated  to  indicate,  at  the  temperature  of  1 S"  Cent, 
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Fig.  87. 

Centasimal 

Alooholi- 

metor. 


^  On  comparing  the  two  formuls  for  D  in  this  section  with  the  tables  in  the  Appendix 
to  Milfer*s  Chemical  Phynea,  I  find  that  as  regards  the  salimeter  they  agree  to  two  places 
cf  dedmals  and  rery  nearly  to  three.  As  regards  the  alcoholimeter,  the  table  in  Miller 
impEes  that  e  is  aboat  136,  which  would  make  the  density  corresponding  to  the  zero  of 
tbe  Kale  about  1*074. 
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the  percentage  of  pure  alcohol  in  a  specimen  of  spirit  At  the  top 
of  the  stem  is  100,  the  point  to  which  the  instrument  sinks  in  pure 
alcohol,  and  at  the  bottom  is  0,  to  which  it  sinks  in  water.  The  posi- 
tion of  the  intermediate  degrees  must  be  determined  empirically,  by 
placing  the  instrument  in  mixtures  of  alcohol  and  water  in  known 
proportions,  at  the  temperature  of  15°.  The  law  of  density,  as  de- 
pending on  the  proportion  of  alcohol  present,  is  complicated  by  the 
f.ict  that,  when  alcohol  is  mixed  with  water,  a  diminution  of  volume 
(accompanied  by  rise  of  temperature)  takes  place. 

88  a.  Specific  Gravity  of  Hixtures. — When  two  or  more  substances 
are  mixed  without  either  shrinkage  or  expansion  (that  is,  when 
the  volume  of  the  mixture  is  equal  to  the  sum  of  the  volumes  of  the 
components),  the  density  of  the  mixture  can  easily  be  expressed  in 
terms  of  the  quantities  and  densities  of  the  components. 

First,  let  the  volumes  Vi,  Va,  Vs  .  .  .  of  the  components  be  given, 
together  with  their  densities  di,  di,  d^  .  .  . 
Then  their  masses  (or  weights)  are  Vidi,  v^,  v^  .  .  . 
The  mass  of  the  mixture  is  the  sum  of  these  masses,  and  its  volume 
is  the  sum  of  the  volumes  Vi,  v^v^  .  .  -  ;  hence  its  density  is 

Vi  +  V%  +  ,   •    . 

Secondly,  let  the  weights  or  masses  mi,  m^,  9713  ...  of  the  compo- 
nents be  given,  together  with  their  densities  di,  d^,  dz  .  *  . 

Then  their  volumes  are  ^'  ^'  ^  •  •  • 

The  volume  of  the  mixture  is  the  sum  of  these  volumes,  and  its  mass 
is  mi+m:4+ma+  .  .  .  ;  hence  its  density  is 


di     dt 


88  b.  Graphical  Method  of  Graduation. — When  the  points  on  the 
stem  which  correspond  to  some  five  or  six  known  densities,  neariy 
equidifferent,  have  been  determined,  the  intermediate  graduations 
can  be  inserted  with  tolerable  accuracy  by  the  graphical  method  of 
interpolation,  a  method  which  has  many  applications  in  physics 
besides  that  which  we  are  now  considering.  Suppose  A  and  B 
(Fig.  85)  to  represent  the  extreme  points,  and  I,  £[,  L,  B  intermediate 
points,  all  of  which  correspond  to  known  densitie&  Erect  ordinates 
(that  is  to  say,  perpendiculars)  at  these  points,  proportional  to  the 
respective  densities,  or  (which  will  serve  our  purpose  equally  well) 
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Fig.  85.— Oimphiod  Method  of  OndaatioiL 


erect  ordinates  II',  KK',  LL',  RR',  BC  proportional  to  the  excesses  of 
the  densities  at  I,  K,  L,  R,  B  above  the  density  at  A.  Any  scale  of 
equal  parts  can  be  employed 
for  laying  off  tbe  ordinates, 
bnt  it  is  convenient  to  adopt 
a  scale  which  will  make  the 
greatest  ordinate  BC  not 
much  greater  nor  much  less 
than  the  base  line  AB.  In 
the  figure,  the  density  at  B  is 
supposed  to  be  1*80,  the  den- 
sity at  A  being  1.  The  differ- 
ence of  density  is  therefore 
•80,  as  indicated  by  the  fig- 
ures 80  on  the  scale  of  equal 

parts.  Having  erected  the  ordinates,  we  must  draw  through  their 
extremities  the  curve  AI'K'L'R'C,  making  it  as  free  from  sudden 
turns  as  possible,  as  it  is  upon  the  regularity  of  this  curve  that  the 
accuracy  of  the  interpolation  depends.  Then  to  find  the  point  on  the 
stem  AB  at  which  any  other  density  is  to  be  marked— say  1*60,  we 
must  draw  through  the  60th  division,  on  the  line  of  equal  parts,  a 
horizontal  line  to  meet  the  curve,  and,  through  the  point  thus  found 
on  the  curve,  draw  an  ordinate.  This  ordinate  will  meet  tbe  base 
line  AB  in  the  required  point,  which  is  accordingly  marked  1*6  in 
the  figure.  The  curve  also  affords  the  means  of  solving  the  converse 
problem,  that  is,  of  finding  the  density  corresponding  to  any  given 
point  on  the  stem.  At  the  given  point  in  AB,  which  represents  the 
stem,  we  must  draw  an  ordinate,  and  through  the  point  where  this 
meets  the  curve  we  must  draw  a  horizontal  line  to  meet  the  scale  of 
equal  parta  The  point  thus  determined  on  the  scale  of  equal  parts 
indicates  the  density  required,  or  rather  the  excess  of  this  density 
above  the  density  of  A, 
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89.  Eqoilibriam  in  Tessela  in  CommanicBtioiL — When  a  liquid  is 
contained  in  vessels  communicating  with  each  other,  and  is  in  equi- 
librium, it  stands  at  the  same  height  in  the  different  parts  of  the 
system,  so  that  the  free  surfaces  all  lie  in  the  same  horizontal  plane. 

Thifi  is  an  immediate  consequence  of  the  fact  that  layers  of  equal 


pressure  in  a  liquid  are  always  horizontal  (§  61) ;  for  if  we  take  any 
such  layer  at  the  bottom  of  the  system,  we  must  proceed  upwards 
through  the  same  veitical  height  in  all  parts  o£  the  system  in  order 
to  reach  the  free  surface  which  corresponds  to  the  pressure.  Thus,  ■ 
in  the  system  represented  by  Fig.  89,  the  liquid  is  seen  to  stand  at 
the  same  height  in  the  principal  vessel  and  in  the  variously  shaped 
tubes  communicating  with  it  If  one  of  these  tubes  is  cut  off  at  a 
height  less  than  that  of  the  liquid  in  the  principal  vessel,  and  if  it 
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be  made  to  tenninaie  in  a  narrow  mouth,  the  liquid  will  be  seen  to 
spout  up  nearly  to  the  level  of  that  in  the  principal  vessel 

This  tendency  of  liquids  to  find  their  own  level  is  very  important, 
and  of  continual  application.  Thus,  a  reservoir  of  water  may  have 
different  pipes  issuing  from  it  and  spreading  out  in  all  possible  direc- 
Ifons  with  any  number  of  turns  and  windings ;  provided  that  the  ends 
of  these  pipes  lie  below  the  level  of  the  reservoir,  the  water  will  flow 
through  the  pipes  and  run  out  at  their  extremitiea  The  velocity  of 
exit^  however,  will  depend  on  the  form  and  arrangement  of  the  pipes, 
as  well  as  on  the  difference  of  level.  This  velocity  must  of  course 
be  taken  into  account  in  calculating  the  quantity  of  water  that  will 
flow  in  a  given  time;  and  in  forming  plans  for  the  proper  distribution 
of  public  supplies  of  water.  It  also  determines  the  height  to  which 
a  jet  of  water  can  be  discharged  from  an  opening  at  the  end  of  the 
pipe. 

90.  Water-leveL — ^The  well-known  instrument  called  the  water- 
level  depends  upon  the  property  just  mentioned    It  consists  of  a 


Fig.  90.— Wat«r-l0T8L 

metal  tube  bb,  bent  at  right  angles  at  its  extremities.  These  carry 
two  glass  tubes  cut,  very  narrow  at  the  top,  and  of  the  same  diameter. 
The  tube  rests  on  a  tripod  stand,  at  the  top  of  which  is  a  joint  that 
enables  the  observer  to  turn  the  apparatus  and  set  it  in  any  direction. 
The  tube  is  placed  in  a  position  nearly  horizontal,  and  water,  gener- 
aUy  coloured  a  little,  is  poured  in  until  it  stands  at  about  three- 
fourths  of  the  height  of  each  of  the  glass  tubes. 

By  the  principle  of  equilibrium  in  vessels  communicating  with 
each  other,  the  surfaces  of  the  liquid  in  the  two  branches  are  in  the 
same  horizontal  plane,  so  that  if  the  line  of  the  observer's  sight  just 
grazes  the  two  sur&ces,  it  will  be  horizontal 
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This  is  the  principle  of  the  operation  called  levelling,  the  object  of 
which  is  to  determine  the  difference  of  vertical  height,  or  difference 
of  level,  between  two  pven  pointa  Suppose  A  and  B  to  be  the  two 
points  (Fig.  91).    At  each  of  these'  points  is  fixed  a  levelling-^tafi*. 


ng.  01.— Lvr*UII«. 

that  is,  an  upright  rod  divided  into  parts  of  equal  length,  on  which 
slides  a  small  square  board  whose  centre  serves  as  a  mark  for  the 
observer. 

The  level  being  placed  at  an  intermediate  station,  the  observer 
directs  the  line  of  sight  towards  each  levelling-staff,  and  the  mark 
is  mised  or  lowered  till  the  line  of  sight  passes  through  its  centre. 
The  marks  on  the  two  staves  are  in  this  way  brought  to  the  same 
level  The  staff  in  the  rear  is  then  carried  in  advance  of  the  other, 
the  level  is  again  placed  between  the  two,  and  another  observation 
taken.  In  this  way,  by  noting  the  division  of  the  staff  at  which 
the  eliding  mark  stands  in  each  case,  the  difference  of  levels  of  two 
distant  stations  can  be  deduced  &om  observations  at  a  number  of 
intermediate  points. 

91.  Spirit-level — These  observations  can  be  made  in  a  much  more 

exact  and  convenient  manner  by  means  of  the  spirit-level.     This 

instrument  is  composed  of  a 

glass   tube  slightly  curved, 

containing  a  liquid,  which  is 

generally  alcohol,  and  whicli 

fills  the  whole  extent  of  the 

Hi.  »!.-8piiit.i«oL  ^^^  except  a  smaU  space 

occupied   by  an  air-bubble. 

This  tube  is  inclosed  in  a  mounting  which  is  firmly  supported  oq 

a  stand. 

Suppose  the  tube  to  have  been  so  constructed  that  a  vertical 
section  of  its  upper  surface  is  an  arc  of  a  circle,  and  suppose  the 
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instrament  placed  upon  a  horizontal  plane  (Fig.  93).  The  air-hnbhie 
will  take  up  a  position  MK  at  the  highest  part  of  the  tube,  such  that 
the    arcs    MA   and    NB   are  _ 

equaL  Hence  it  follows  that 
if  the  level  be  reversed  end 
for  end,  the  bubble  will  oc- 
cupy the  same  position,  the 

point  N  coming  to  M,  and  vice  versa.     This  will  not  he  the  case 
if  AB  is  inclined  to  the  horizon  (Fig.  94),  for  then  the  distance  "MA 
being  different   from  NB, 
after    the    apparatus    has 
been  turned,  the    bubble 
will  assume  a  symmetrical 

position  at  the  opposite  end  Pi^  ^ 

of  the  tube.  The  condition, 
therefore,  that  the  line  on  which  the  spirit-level  rests  should  be 
hoiizoatol  is,  that  after  this  operation  of  reversal  the  bubble  should 
remain  within  the  same  limits.  In  order  to  avoid  tlie  troable  of 
turning  the  instrument,  the  maker  marks  these  limits  by  reference- 
marks  on  the  tube  or  its  mounting,  and  in  order  to  determine  that 
a  line  is  horizontal  it  is  only  necessary  to  make  sure  that,  when  the 
level  is  placed  upon  it,  the  bubble  lies  exactly  between  these  reference- 
marks. 

In  order  that  a  plane  surface  may  he  horizontal,  we  must  have 
two  lines  in  it  horizontal     This  result  is  practically  attained  in  the 


Fig.  t».— THtlDg  UiB  HorlnnUlltr  of  ■  Biubu. 

following  manner; — The  surface  is  made  to  rest  on  three  levelling 
screws  which  form  the  three  vertices  of  an  isosceles  triangle ;  the 
level  is  firat  placed  parallel  to  the  base  of  the  triangle,  and,  by  means 
of  one  of  the  screws,  the  bubble  is  brought  between  the  reference- 
marks.  The  instrument  is  then  placed  perpendicularly  to  its  first 
position,  and  the  bubble  is  brought  between  the  marks  by  means  ot 


126  VESSELS  IN  COMMtTNICATION. — CAPILLAEnT. 

the  third  scirew;  this  second  operation  cannot  disturb  the  result  of 
the  first,  since  the  plane  has  only  been  turned  about  a  horizontal  line 
OB  hinge. 

92.  Lerol  ftirnislied  with  Teleecope. — In  order  to  apply  the  spirit- 
level  to  land-surveying,  an  apparatus  such  as  that  represented 
in  the  figure  is  employed. 
Upon  a  frame  AA,  movable 
about  a  vertical  axis  £,  are 
placed  a  spirit-level  nn,  and 
a  telescope  LL,  in  positions 
parallel  to  each  other.  The 
telescope  is  furnished  at  its 
focus  with  two  fine  wires 
crosung  one  another,  whose 
point  of  intersection  deter- 
B,.  M.-8piri*.i.«iwithM-.j*  «"ie8  the  Une  of  sight  with 

great  precision.  The  appara- 
tus, which  is  provided  with  levelling  screws  H,  rests  on  a  tripod 
stand,  and  the  observer  is  able,  by  turning  it  about  its  axis,  to  com- 
mand the  different  points  of  the  horizon.  By  a  process  of  adjusb- 
ment  which  need  not  here  be  described,  it  is  known  that  when  the 
bubble  is  between  the  marks  the  line  of  sight  is  horizontal ;  so  that 
we  may  proceed  to  find  the  difference  of  level  between  two  points  in 
the  same  way  as  with  the  water-level ;  but  the  operation  is  much 
more  precise,  and  the  range  of  vision  much  more  extensive.  By 
furnishing  the  instrument  with  a  graduated  horizontal  circle  P,  we 
may  obtain  the  azimuths  of  the  points  observed,  and  thus  map  out 
contour  lines. 

On  each  side  of  the  reference-marks  of  the  bubble  are  divisions  for 
measuring  small  deviations  from  horizontality.  It  is,  in  fact,  easy 
to  see,  by  reference  to  Fig.  93,  that  by  tilting  the  level  through  any 
small  angle,  the  bubble  is  displaced  by  a  quantity  proportional  to 
this  angle,  at  least  when  the  curvature  of  the  instrument  is  that  of 
a  circle. 

For  determining  the  angular  value  corresponding  to  each  division 
of  the  tube,  it  is  usual  to  employ  an  apparatus  opening  like  a  pair 
of  compasses  by  a  hinge  C,  on  one  of  the  legs  of  which  rests,  by  two 
V-shaped  supports,  the  tube  T  of  the  level  The  compass  is  opened 
by  means  of  a  micrometer  screw  Y,  of  very  regular  action ;  and  as 
the  distance  of  the  screw  from  the  hinge  ia  known,  as  well  as  tho 
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distance  between  the  threads  of  the  screw,  it  is  easy  to  calculate 
beforehand  the  value  of  the  diviBions  on  the  micrometer  head.  The 
levellmg  screws  of  the  instrument  serve  to  bring  the  bubble  between 
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lis  reference-marks,  bo  that  the  micrometer  screw  is  only  used  to 
determine  the  value  of  the  divisions  on  the  tube. 

93.  EqnilibriDm  of  Two  Difibrent  Liqaids  in  Commonioatiitj*  Teaaelx. 
—If  into  one  of  two  tubes  in  communication  we  pour  a  liquid,  say 
mercury,  this  liquid  will 
Hse  to  the  same  height 
in  both  branches.  If  we 
now  ponr  w«ter  into  one 
of  them,  the  mercury  will 
be  pushed  back  in  the 
other  branch ;  and  when 
equilibrium  has  been  es- 
tablished, the  heighta  of 
the  two  liquids  above 
0\e  mTface  ofseparcUvm 
■tII  be  very  unequal,  as 
iliown  in  the  figure  In 
geneial,  these  heights, 
since  they  correspond  to 
tlie  Kune  pressure  upon 
tiie  surface  of  separation, 
WiU  be  inversely  propor- 
tional to  the  denHties. 

H.  (ftpilUrity — Qeneral  Phenomena. — The  different  principles'of 
eqvilibriam  which  have  been  explained  in  the  preceding  pora- 
gnphs,  are  subject  to  remarkable  exceptions  when  the  vessels  in 
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which  the  liquids  are  contained  are  very  narrow,  or,  as  they  are 
called,  capillary  (capill'us,  a  hair) ;  and  also  in  the  case  of  vessels  of 
any  size,  when  we  consider  the  portion  of  the  liquid  which  is  in 
close  proximity  to  the  sides. 

1.  Free  Surface. — The  surface  of  a  liquid  is  not  horizontal  in  the 
neighbourhood  of  the  sides  of  the  vessel,  but  presents  a  very  dedded 
curvature.  When  the  liquid  wets  the  vessel,  as  in  the  case  of  water 
in  a  glass  vessel  (Fig,  99),  the  surface  is  concave;  on  the  contraiy 
when  the  liquid  doee  not  wet  the  vessel,  as  in  the  case  of  mercuty  in 
a,  glass  vessel  (Fig.  100),  the  surface  is,  generally  speaking,  convex. 

2.  Capillary  Elevation  and  Vepreaaion. — If  a  very  narrow  tube 
of  glass  he  plunged  in  water,  or  any  other  liquid  that  will  wet  it 


Wg  »  Fig.  UH> 

(Fig  101)  it  w  II  be  observed  that  the  level  of  the  liquid,  instead  of 
remaining  at  the  same  height  inside  and  outside  of  the  tube,  stands 
perceptibly  higher  in  the  tube;  &  capillary  ascension  takes  place, 
which  varies  in  amount  according  to  the 
nature  of  the  liquid  and  the  diameter  of 
the  tube.     It  will  also  be  seen  that  the 
liquid  column  thus  raised  terminates  in 
a  concave  surface.     If  a  glass  tube  bft 
dipped  in  mercury,  which  does  not   wet 
it,  it  will  be  seen,  by  bringing  the  tube 
to  the  side  of  the  vessel,  that  the  mercury 
is  depressed   in  its  interior,  and  that  it 
terminates  in  a  convex  surface  (Fig.  102). 
3,   Capillary  Vesseh  in  Communica- 
tion imtk  Others. — If  we  take  two  bent 
tubes,  each  having  one  branch  of  a  considerable  diameter  and  the 
other  extremely  narrow,  and  pour  into  one  of  them  a  liquid  which 
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wets  it,  and  into  the  other  mercury,  the  liquid  will  be  observed  in 
the  former  case  to  stand  higher  in  the  capillary  than  in  the  prin- 
cipal branch,  and  in  the  latter  case  to  stand  lower;  the  free  surfaces 
being  at  the  same  time  concave  in  the  case  of  the  liquid  which 
wets  the  tubes,  and  convex  in  the  case  of  the  mercury. 

95.  CircumstanceB  which  influence  Capillary  Elevation  and  Depression. 
—In  wetted  tubes  the  elevation  depends  upon  the  nature  of  the  liquid; 
thus,  at  the  temperature  of  18**  Cent,  water  rises  29  79"»"  (1*2  inch) 
ia  a  tube  1  millimetre  (^jV  inch)  in  diameter,  alcohol  rises  12"18""*, 
nitric  acid  22'57"™,  essence  of  lavender  4*28™"*,  &a  The  nature  of 
the  tube  is  almost  entirely  immaterial,  provided  the  precaution  be  first 
taken  of  wetting  it  with  the  liquid  to  be  employed  in  the  experiment, 
so  as  to  ]eave  a  film  of  the  liquid  adhering  to  the  sides  of  the  tube. 

Capillary  depression,  on  the  other  hand,  depends  both  on  the 
nature  of  the  liquid  and  on  that  of  the  tube.  Both  ascension  and 
depression  diminish  as  the  temperature  increases ;  for  example,  the 
elevation  of  water,  which  in  a  tube  of  a  certain  diameter  is  equal  to 
132""™  at  0**  Cent,  is  only  106»"  at  100°. 

96.  Law  of  Diameters. — Capillain/  elevations  and  depi^easions, 
wJien  aU  other  circumstaTices  are  the  same,  are  inversely  propo^^- 
iional  to  ttte  diameters  of  the  tubes.  As  this  law  is  a  consequence 
of  the  mathematical  theories  which  are  generally  accepted  as  ex- 
plaining capillary  phenomena,  its  verification  has  been  regarded  aa 
of  great  importanca 

The  experiments  of  Qay-Lussac,  which  confirmed  this  law,  have 
been  repeated,  with  slight  modifications,  by  several  observers.  The 
method  employed  consists  essentially  in  measuring  the  capillary 
elevation  of  a  liquid  by  means  of  a  cathetometer  (Fig.  104).  The 
telescope  U  is  directed  first  to  the  top  n  of  the  column  in  the  tube, 
and  then  to  the  end  of  a  pointer  6,  which  touches  the  surface  of  the 
liquid  at  a  point  where  it  is  horizontal  In  observing  the  depression 
of  mercury,  since  the  opacity  of  the  metal  prevents  us  from  seeing 
the  tube,  we  must  bring  the  tube  close  to  the  side  of  the  vessel  e. 

The  diameter  of  the  tube  can  be  measured  directly  by  observing 
its  section  through  a  microscope,  or  we  may  proceed  by  the  method 
employed  by  Gay-Lussaa  He  weighed  the  quantity  of  mercury 
which  filled  a  known  length  {  of  the  tube ;  this  weight  iv  is  that  of 
a  cylinder  of  mercury  whose  radius  x  is  determined  by  tlie  equation 
n'o9wx^l=zw* 

*ThU  foimuU  is  only  tnie  for  the  metrical  system,  18-59  being  the  specific  gravity  of 
■ntaoy.    If  X  aad  /  are  in  centimetres,  to  will  be  in  grammes. 
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The  result  of  these  different  experiments  is,  that  in  the  case  of 
wetted  tubes  the  law  is  exactly  fulfilled,  provided  that  they  be  pre- 
viously washed  with  the  greatest  care,  bo  as  to  remove  all  foreign 
matters,  and  that  the  liquid  on  which  the  experiment  is  to  be  per- 


formed be  first  passed  through  them.  When  the  liquid  does  not  wet 
the  tube,  various  causes  combine  to  affect  the  form  of  the  surface  in 
which  the  liquid  column  terminates ;  and  we  caunot  infer  the  deprea- 
sion  from  knowing  the  diameter,  unless  we  also  take  into  considera- 
tion some  element  connected  with  the  form  of  the  terminal  surface, 
such  as  the  length  of  the  sagitta,  or  the  angle  made  witli  the  sides 
of  the  tube  by  the  extremities  of  the  curved  surface,  which  is  called 
the  angle  of  contact. 

97.  Cause  of  Capillarr  PhenomeiU. — Capillary  phenomena.,  as  they 
take  place  alike  in  air  and  in  vacuo,  cannot  be  attributed  to  the 
action  of  the  atmosphere.  They  depend  upon  molecular  actions  ■ 
which  take  place  between  the  particles  of  the  liquid  itself,  and  be- 
tween the  liquid  and  the  solid  contfuning  it,  the  actions  in  question 
being  purely  superficial — that  is  to  aay,  being  confined  to  an  extremely 
thin  layer  forming  the  external  boundary  of  the  liquid,  and  to  an 
extremely  thin  superficial  layer  of  the  solid  in  contact  with  the 
liquid.  For  example,  it  is  found  in  the  case  of  glass  tubes,  that  the 
amount  of  capillary  elevation  or  depression  is  not  at  all  affected  by 
the  thickness  of  the  sides  of  the  tube.  The  following  are  some  of 
the  principles  which  govern  capillary  phenomena. 
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1.  For  a  given  liquid  in  contact  with  a  given  solid,  with  a  definite 
intimateness  of  contact  (this  last  element  being  dependent  upon  the 
cleanness  of  the  surface,  upon  whether  the  surface  of  the  solid  has 
been  recently  washed  by  the  liquid,  and  perhaps  upon  some  other 
particulars),  there  is  (ai  any  specified  temperature)  a  definite  angle 
of  contact,  which  is  independent  of  the  directions  of  the  surfaces 
with  regard  to  the  vertical 

2.  Every  liquid  behaves  as  if  a  thin  film,  forming  its  external 
layer,  were  in  a  state  of  tension,  and  exerting  a  constant  effort  to 
contract  This  tension,  or  contractile  force,  is  exhibited  over  the 
wbole  of  the  free  sur£ELce  (that  is,  the  surface  which  is  exposed  to  air), 
bofc  wherever  the  liquid  is  in  contact  with  a  solid,  its  existence  is 
masked  by  other  molecular  actiona  It  is  uniform  in  all  directions 
in  the  firee  surface,  and  at  all  points  in  this  surface,  being  dependent 
only  on  the  nature  and  temperature  of  the  liquid.  Its  intensity  for 
several  specified  liquids  is  given  in  tabular  form  further  on  (§  97f) 
upon  the  authority  of  Van  der  Mensbrugghe.  Tension  of  this  kind 
must  of  course  be  stated  in  units  of  force  per  linear  unit,  because  by 
doubling  the  width  of  a  band  we  double  the  force  required  to  keep 
it  stretched.  Mensbrugghe  considers  that  such  tension  really  exists 
in  the  superficial  layer;  but  the  majority  of  authors  (and  we  think 
with  more  justice)  regard  it  rather  as  a  convenient  fiction,  which 
accurately  represents  the  effects  of  the  real  cause.  Two  of  the  most 
eminent  writers  on  the  cause  of  capillary  phenomena  are  Laplace 
and  Dr.  Thomas  Young.  The  subject  presents  difliculties  which 
have  not  yet  been  fully  surmounted. 

The  law  of  diameters  is'  a  direct  consequence  of  the  two  preceding 
principles;  for  if  a  denote  the  external  angle  of  contact  (which  is 
acute  in  the  case  of  mercury  against  glass),  T  the  tension  per  unit 
length,  and  r  the  radius  of  the  tube,  then  2vrT  will  be  the  whole 
amount  of  force  exerted  at  the  margin  of  the  surface ;  and  as  this 
force  is  exerted  in  a  direction  making  an  angle  a  with  the  vertical, 
its  vertical  component  will  be  2irrTcosa,  which  is  exerted  in  pulling 
the  tube  upwards  and  the  liquid  downwards. 

If  w  he  the  weight  of  unit  volume  of  the  liquid,  then  ^r'^w  is 
the  weight  of  as  much  as  would  occupy  unit  length  of  the  tube;  and 
if  h  denote  the  height  of  a  column  whose  weight  is  equal  to  the 
force  tending  to  depress  the  liquid,  we  have 


132  VESSELS  IN  COMMUNICATION. — CAPILLARITT. 

whence  h  = ,  which,  when  the  other  elements  are  given, 

varies  inversely  as  r,  the  radius  of  the  tube. 

Having  regard  to  the  fact  that  the  surface  is  not  of  the  same 
height  in  the  centre  as  at  the  edges,  it  is  obvious  that  h  denotes  the 
mean  height.  ' 

If  a  be  obtuse,  h  will  be  negative — that'  is  to  say,  there  will  be 
elevation  instead  of  depression.  In  the  case  of  water  against  a  tube 
which  has  been  well  wetted  with  that  liquid,  a  is  180** — that  is  to 
say,  the  tube  is  tangential  to  the  surface.  For  this  case  the  formula 
for  h  gives 

2T 
eleyaiion  =  — . 

Again,  for  two  parallel  vertical  plates  at  distance  u,  the  vertical  force 
of  capillarity  for  a  unit  of  length  is  2  T  cos  a,  which  must  be  equal  to 
whu,  being  the  weight  of  a  sheet  of  liquid  of  height  h,  thickness  % 
and  length  unity.     We  have  therefore 

2Tco8a 


h  = 


uv>    ' 


which  agrees  with  the  expression  for  the  depression  or  elevation  in 
a  circular  tube  whose  radius  is  equal  to  the  distance  between  these 
parallel  plates. 

The  surface  tension  always  tends  tO  reduce  the  surface  to  the 
smallest  area  which  can  be  inclosed  by  its  actual  boundary ;  and 
therefore  always  produces  a  normal  force  directed  towards  the  con- 
cave side  of  the  superficial  film.  Hence,  wherever  there  is  capillary 
elevation  the  free  surface  must  be  concave;  wherever  there  is  depres- 
sion it  must  be  convex. 

97a.  It  follows  from  a  well-known  proposition  in  statics  (Tod- 
hunter's  Statics,  §  194),  that  if  a  cylimd^rical  film  be  stretched  with  a 
uniform  tension  T  (so  that  the  force  tending  to  pull  the  film  asunder 
across  any  short  line  drawn  on  the  film,  is  T  times  the  length  of  the 
line),  the  resultant  normal  pressure  (which  the  film  exerts,  for  ex- 
ample, against  the  surface  of  a  solid  internal  cylinder  over  which  it 
is  stretched)  is  T  divided  by  the  radius  of  the  cylinder. 

It  can  be  proved  that  a  film  of  any  form,  stretched  with  uniform 
tension  T,  exerts  at  each  point  a  normal  pressure  equal  to  the  sum 
of  the  pressures  which  would  be  exerted  by  two  overlapping  cylin- 
drical films,  whose  axes  are  at  right  angles  to  one  another,  and 
whose  cross  sections  are  circles  of  curvature  of  noimal  sections  at  the 
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point  That  is  to  say,  if  P  be  the  normal  force  per  unit  area,  and 
r/  the  radii  of  curvature  in  two  mutually  perpendicular  normal 
sections  at  the  point,  then 

At  any  point  on  a  curved  surface,  the  normal  Bections  of  greatest  and 
least  curvature  are  mutually  perpendicular,  and  are  called  the  prin- 
cipal normal  sections  at  the  point.  If  the  corresponding  radii  of 
curvature  be  B,  R',  we  have 

or  ihe  normal  force  per  unit  area  is  equal  to  the  tension  per  unit 
length  multiplied  by  the  sum  of  the  principal  curvatures. 

In  the  case  of  capillary  depressions  and  elevations,  the  superficial 
film  at  the  free  surface  is  to  be  regarded  as  pressing  the  liquid  in- 
wards, or  pulling  it  outwai-ds,  according  as  this  surface  is  convex  or 
concave,  with  a  force  P  given  by  the  above  formula.  The  value  of 
P  at  any  point  of  the  free  surface  is  equal  to  the  pressure  due  to  the 
height  of  a  column  of  liquid  extending  from  that  point  to  the  level 
of  the  general  horizontal  surface.  It  is  therefore  greatest  at  the 
edges  of  the  elevated  or  depressed  column  in  a  tube,  and  least  in  the 

1         1 

centre;  and  the  curvature,  as  measured  by  -  +  — ,  must  vary  in 

B       R 

the  same  proportion.     If  the  tube  is  so  large  that  there  is  no  sensible 

elevation  or  depression  in  the  centre  of  the  column,  the  centre  of  the 

free  surface  must  be  sensibly  plane. 

97b.  Another  consequence  of  the  formula  is,  that  in  circumstances 

where  there  can  be  no  normal  pressure  towards  either  side  of  the 

surface, 

i  +  i  =  0,  (2) 

which  implies  that  either  the  surface  is  plane,  in  which  case  each  of 
the  two  terms  is  separately  equal  to  zero,  or  else 

R  =  -  R';  (3) 

that  is,  the  principal  radii  of  curvature  are  equal,  and  lie  on  opposite 
sides  of  the  surface.  The  formute  (2),  (3)  apply  to  a  film  of  soapy 
water  attached  to  a  loop  of  wire.  If  the  loop  be  in  one  plane,  the 
fihn  will  be  in  the  same  plane.  If  the  loop  be  not  in  one  plane,  the 
film  cannot  be  in  one  plane,  and  will  in  fact  assume  that  form  which 
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gives  the  least  area  consistent  with  having  the  loop  for  its  houndaty. 
At  every  point  it  will  be  observed  to  be,  if  we  may  so  say,  concave 
towards  both  sides,  and  convex  towards  both  sides,  the  concavity 
being  precisely  equal  to  the  convexity — ^that  is  to  say,  equation  (3) 
is  satisfied  at  every  point  of  the  film. 

In  this  case  both  sides  of  the  film  are  exposed  to  atmospheric 
pressura  In  the  case  of  a  common  soap-bubble  the  outside  is  ex- 
posed to  atmospheric  pressure,  and  the  inside  to  a  pressure  some- 
what greater,  the  diflference  of  the  pressures  being  compensated  by 
the  tendency  of  the  film  to  contract  Formula  (1)  becomes  for 
either  the  outer  or  inner  surface  of  a  spherical  bubble 

P_2T. 

^  "  R' 

but  this  result  must  be  doubled,  because  there  are  two  free  surfaces; 

hence  the  excess  of  pressure  of  the  inclosed  above  the  external  air  is 

4T 

— ,  R  denoting  the  radius  of  the  bubble. 

R 

The  value  of  T  for  soapy  water  is  about  1  grain  per  Unear  inch; 
hence,  if  we  divide  4  by  the  radius  of  the  bubble  expressed  in  inches, 
we  shall  obtain  the  excess  of  internal  over  external  pressure  in  grains 
per  square  inch. 

The  value  of  T  for  any  liquid  may  be  obtained  by  observing  the 
amount  of  elevation  or  depression  in  a  tube  of  given  diameter,  and 
employing  the  formula 

^        2co8a'  '*' 

which  follows  immediately  from  the  formula  for  h  in  §  97. 

97c.  It  is  this  uniform  surface  tension,  of  which  we  have  been 
speaking,  which  causes  a  drop  of  a  liquid  falling  through  the  air 
either  to  assume  the  spherical  form,  or  to  oscillate  about  the  spheri- 
cal form.  The  phenomena  of  drops  can  be  imitated  on  an  enlarged 
scale,  under  circumstances  which  permit  us  to  observe  the  actual 
motions,  by  a  method  devised  by  Professor  Plateau  of  Ghent  Olive- 
oil  is  intermediate  in  density  between  water  and  alcohol  Let  a 
mixture  of  alcohol  and  water  be  prepared,  having  precisely  the 
density  of  olive-oil,  and  let  about  a  cubic  inch  of  the  latter  be  gently 
introduced  into  it  with  the  aid  of  a  funnel  or  pipette.  It  will  as- 
sume a  spherical  form,  and  if  forced  out  of  this  form  and  then  left 
free,  will  slowly  oscillate  about  it ;  for  example,  if  it  has  been  com- 
pelled to  assume  the  form  of  a  prolate  spheroid,  it  will  pass  to  the 
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oblate  form,  will  then  become  prolate  again,  and  so  on  alternately,  be- 
coming however  more  nearly  spherical  every  time,  becauGfe  its  move- 
ments are  hindered  by  friction,  until  at  last  it  comes  to  rest  as  a  sphere. 

97  D.  Capillarity  furnishes  no  exception  to  the  principle  that  the 
pressure  in  a  liquid  is  the  same  at  all  points  at  the  same  depth. 
When  the  free  surface  within  a  tube  is  convex,  and  is  consequently 
depressed  below  the  general  level  of  the  external  surface,  the  pres- 
sure becomes  suddenly  greater  on  passing  downwards  through  the 
superficial  layer,  by  the  amount  due  to  the  curvature.  Below  this 
it  increases  regularly  by  the  amount  due  to  the  depth  of  liquid 
passed  through.  The  pressure  at  any  point  vertically  under  the  con- 
vex meniscus^  may  be  computed,  either  by  taking  the  depth  of  the 
point  below  the  general  firee  surface,  and  adding  atmospheric  pressure 
to  the  pressure  due  to  this  depth,  according  to  the  ordinary  prin- 
ciples of  hydrostatics,  or  by  taking  the  depth  of  the  point  below 
that  point  of  the  meniscus  which  is  vertically  over  it,  adding  the 
pressure  due  to  the  curvature  at  this  point,  and  also  adding  atmo- 
spheric pressure. 

When  the  free  surface  of  the  liquid  within  a  tube  is  concave, 
the  pressure  suddenly  diminishes  on  passing  downwards  through 
the  superficial  layer,  by  the  amount  due  to  the  curvature  as  given 
by  formula  (1) ;  that  is  to  say,  the  pressure  at  a  very  small  depth 
is  less  than  atmospheric  pressure  by  this  amount.  Below  this 
depth  it  goes  on  increasing  according  to  the  usual  law,  and  becomes 
equal  to  atmospheric  pressure  at  that  depth  which  corresponds  with 
the  level  of  the  general  external  surface.  The  pressure  at  any  point 
in  the  liquid  within  the  tube  can  therefore  be  obtained  either  by 
subtracting  from  atmospheric  pressure  the  pressure  due  to  the 
elevation  of  the  point  above  the  general  surface,  or  by  adding  to 
atmospheric  pressure  the  pressure  due  to  the  depth  below  that  point 
of  the  meniscus  which  is  on  the  same  vertical,  and  subtracting  the 
pressure  due  to  the  curvature  at  this  point 

These  rules  imply,  as  has  been  already  remarked,  that  the  curva- 
ture is  difierent  at  different  points  of  the  meniscus,  being  greatest 
where  the  elevation  or  depression  is  greatest,  namely  at  the  edges 
of  the  meniscus ;  and  least  at  the  point  of  least  elevation  or  depression, 
which  in  a  cylindrical  tube  is  the  middle  point. 

^  Hie  convex  or  concave  surface  of  the  ]iqaid  in  a  tube  is  usually  denoted  by  the  name 
■Au^icf  {jMjFiffKof,  a  crescent),  which  denotes  a  form  approximately  resembling  that  of  a 
vatdi-glaas. 
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The  principles  just  stated  apply  to  all  cases  of  capillary  elevation 
and  depression. 

They  enable  us  to  calculate  the  force  with  which  two  parallel  ver- 
tical plates,  partially  immersed  in  a  liquid  which  wets  them,  are 
urged  towards  each  other  by  capillary  action.  The  portion  of  liquid 
elevated  between  them  Ls  at  less  than  atmospheric  pressm-e,  and 
therefore  is  insufficient  to  resist  the  atmospheric  pressure  which  is 
exerted  on  the  outer  faces  of  the  plates.  The  average  pressure  in 
the  elevated  portion  of  liquid  is  that  which  exists  half-way  up  it, 
and  is  less  than  atmospheric  pressure  by  the  pressure  of  a  column  of 
liquid  whose  height  is  half  the  elevation. 

Even  if  the  liquid  be  one  which  does  not  wet  the  plates,  they  will 
still  be  urged  towards  each  other  by  capillary  action ;  for  the  inner 
faces  of  the  plates  are  exposed  to  merely  atmospheric  pressure  over 
that  portion  of  their  areas  which  corresponds  to  the  depression,  while 
the  corresponding  portions  of  the  external  faces  are  exposed  to 
atmospheric  pressure  increased  by  the  weight  of  a  portion  of  the 
liquid. 

These  principles  explain  the  apparent  attraction  exhibited  by 
bodies  floating  on  a  liquid  which  either  wets  them  both  or  wets 
neither  of  them.  When  the  two  bodies  are  near  each  other  they 
behave  somewhat  like  parallel  plates,  the  elevation  or  depression  of 
the  liquid  between  them  being  greater  than  on  their  remote  sides. 

If  two  floating  bodies,  one  of  which  is  wetted  and  the  other  un- 
wetted  by  the  liquid,  come  near  together,  the  elevation  and  depression 
of  the  liquid  will  be  less  on  the  near  than  on  the  remote  sides,  and 
apparent  repulsion  will  be  exhibited. 

In  all  cases  of  capillary  elevation  or  depression,  the  solid  is  pulled 
downwards  or  upwards  with  a  force  equal  to  that  by  which  the 
liquid  is  raised  or  depressed.  In  applying  the  principle  of  Arclii- 
medes  to  a  solid  partially  immersed  in  a  liquid,  it  is  therefore  neces- 
sary (as  we  have  seen  in  §  79),  when  the  solid  produces  capillary 
depression,  to  reckon  the  void  space  thus  created  as  part  of  the  dis- 
pla<;ement;  and  when  the  solid  produces  capillary  elevation,  the  fluid 
raised  above  the  general  level  must  be  reckoned  as  negative  displace- 
ment, tending  to  increase  the  apparent  weight  of  the  solid. 

97 E.  Thus  hr  all  the  effects  of  capillary  action  which  we  have 
mentioned  are  connected  with  the  curvature  of  the  superficial  film, 
and  depend  upon  the  principle  that  a  convex  surface  increases  and  a 
concave  surface  diminishes  the  pressure  in  the  interior  of  the  liquid 


CAUSE  OF  GAPIIXABT  PHENOMENA.  137 

But  there  is  good  reason  for  maintaining  that  whatever  be  the  form 
of  the  free  surface  there  is  always  a  certain  amount  of  pressure  in 
the  interior  due  to  the  molecular  action  at  this  surface,  and  that  the 
pressure  due  to  the  curvature  of  the  surface  is  to  be  added  to  or 
sabtracted  from  a  definite  amount  of  pressure  which  is  independent 
of  the  curvature  and  depends  only  on  the  nature  and  condition  of 
the  liquid  This  indeed  follows  at  once  from  the  fact  that  capillary 
elevation  can  take  place  in  vacuo.  As  far  as  the  principles  of  the 
preceding  paragraphs  are  concerned,  we  should  have,  at  points  within 
the  elevated  column,  a  pressure  less  than  that  existing  in  the 
vacuum.  This,  however,  cannot  be ;  we  cannot  conceive  of  negative 
pressure  existing  in  the  interior  of  a  liquid,  and  we  are  driven  to 
conclude  that  the  elevation  is  owing  to  the  excess  of  the  pressure 
caused  by  the  plane  surface  in  the  containing  vessel  above  the  pres- 
sure caused  by  the  concave  surface  in  the  capillary  tube. 

There  are  some  other  facts  which  seem  only  explicable  on  the  same 
general  principle  of  interior  pressure  due  to  surface  action, — facts 
which  attracted  the  notice  of  some  of  the  earliest  writers  on 
pneumatics,  .namely,  that  siphons  will  work  in  vacuo,  and  that  a 
column  of  mercury  at  least  75  inches  in  length  can  be  sustained — as 
if  by  atmospheric  pressure — in  a  barometer  tube,  the  mercury  being 
boiled  and  completely  filling  the  tube. 

97p.  We  have  now  to  notice  certain  phenomena  which  depend  on 
the  difference  in  the  surface  tensions  of  different  liquids,  or  of  the 
same  liquid  in  different  states. 

Let  a  thin  layer  of  oil  be  spread  over  the  upper  surface  of  a  thin 
sheet  of  brass,  and  let  a  lamp  be  placed  underneath.  The  oil  will  be 
observed  to  run  away  from  the  spot  directly  over  the  flame,  even 
though  this  spot  be  somewhat  lower  than  the  rest  of  the  sheet 
This  effect  is  attributable  to  the  excess  of  surface  tension  in  the  cold 
oil  above  the  hot 

In  like  manner,  if  a  drop  of  alcohol  be  introduced  into  a  thin 
layer  of  water  spread  over  a  nearly  horizontal  surface,  it  will  be 
drawn  away  in  all  directions  .by  the  surrounding  water,  leaving  a 
nearly  dry  spot  in  the  space  which  it  occupied.  In  this  experiment 
the  water  should  be  coloured  in  order  to  distinguish  it  from  the 
alcohol 

Again,  let  a  very  small  fragment  of  camphor  be  placed  on  the  sur- 
face of  hot  water.  It  will  be  observed  to  rush  to  and  fro  with 
frequent  rotations  on  its  own  axis,  sometimes  in  one  direction  and 
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sometimes  in  the  opposite.  These  effects,  which  have  been  a  frequent 
subject  of  discussion,  are  now  known  to  be  due  to  the  diminution  of 
the  surface  tension  of  the  water  by  the  camphor  which  it  takes  up. 
Superficial  currents  are  thus  created,  radiating  from  the  &agmeut  of 
camphor  in  all  directions ;  and  aa  the  camphor  dissolves  more  quickly 
in  some  parts  than  in  others,  the  currents  which  are  formed  are  not 
equal  in  all  directions,  and  those  which  are  most  powerful  prevail 
over  the  others  and  ^ve  motion  to  the  fragment 

Tlie  values  of  T,  the  apparent  surface  tension,  for  several  liquids, 
are  given  in  the  following  table,  on  the  authority  of  Van  der  Meos- 
brugghe,  in  milligrammes  (or  thousandtli  parts  of  a  gramme)  per  milli- 
metre of  length.  They  can  be  reduced  to  grains  per  inch  of  length 
by  multiplying  them  by  '392;  for  example,  the  surface  tension  of 
distilled  water  is  73  X  '392  =  2-86  grains  per  inch. 

Solataon  of  Marseilles  sosp,  1  port  a( 
soap  to  40  of  water,    .    .     .    •    .    S'SS 

SolutioD  of  Baponine, 4'B7 

Saturated  solutioQ   of  carbonate  of 


Distilled  water  at  20°  Cent.,   .     .    .  7'3 

Sulphuric  ether, I'SS 

Abaolutfl  Ucohd,  ....-.-.  2-5 

OUve-oil, SB 

Meicuiy, 4ll'l 

BiculpMde  of  carbon, SET 


mpregnated  with  camphor,  .     1*5 

9S.  Endosmofle. — Capillary  phenomena  have 

undoubtedly  some  connection  with  a  very 

important  property  discovered  by  Dutrochet, 

and  called  by  him  endosmose. 

The  endoemometer  invented  by  him  to 
illustrate  this  phenomenon  consists  of  a  reser- 
voir V  closed  below  by  a  membrane  6a,  and 
terminating  above  in  a  tube  of  considerable 
length.  This  reservoir  is  filled,  suppose,  with 
s  solution  of  gum  in  water,  and  is  kept  im- 
mersed in  water.  At  the  end  of  some  tJme 
the  level  of  the  liquid  in  the  tube  will  be 
observed  to  have  risen  to  n,  suppose,  and  at 
the  same  time  traces  of  gum  will  be  found  in 
the  water  in  which  the  reservoir  is  immersed. 
Hence  we  conclude  that  the  two  liquids  have 
penetrated  through  the  membrane,  but  in  dif- 
ferent proportions;  and  this  is  what  is  called 
endosmose. 

If  instead  of  a  solution  of  gum  we  em- 
ployed water  containing  albumen,  sugar,  or  gelatine  in  solution,  a 
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similar  result  would  ensue.  The  membrane  may  be  replaced  by  a 
slab  of  wood  or  of  porous  clay.  Physiologists  have  justly  attached 
very  great  importance  to  this  discovery  of  Dutrochet  It  explains, 
in  &ct,  the  interchange  of  liquids  which  is  continually  taking  place 
in  the  tissues  and  vessels  of  the  animal  system,  as  well  as  the 
absorption  of  water  by  the  spongioles  of  roots,  and  several  similar 
phenomena. 

As  regards  the  power  of  passing  through  porous  diaphragms^ 
Graham  has  divided  substances  into  two  classes — crystalloids  and 
colloids  (coXAii)  glue).  The  former  are  susceptible  of  crystallization, 
form  solutions  free  from  viscosity,  are  sapid,  and  possess  great  powers 
of  diffusion  through  porous  septa.  The  latter,  including  gum,  starch, 
albumen,  &a,  are  characterized  by  a  remarkable  sluggishness  and 
indisposition  both  to  diffusion  and  to  crystallization,  and  when  puro 
are  nearly  tasteless. 
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99.  Weight  of  the  Air  and  of  Oases. — Gaseous  bodies  possess  a  num- 
ber of  properties  in  common  with  liquids;  like  them,  they  transmit 
pressures  entire  and  in  all  directions,  according  to  the  principle  of 
Pascal ;  but  they  differ  essentially  from  liquids  in  the  permanent 
repulsive  force  exerted  between  their  molecules,  in  virtue  of  which 
a  mass  of  gas  always  tends  to  expand. 

The  opinion  was  long  held  that  the  air  was  without  weight ;  or, 
to  speak  more  precisely,  it  never  occurred  to  any  of  the  philosophers 
who  preceded  Galileo  to  attribute  any  influence  in  natural  phe- 
nomena to  the  weight  of  the  air.  And  as  this  influence  is  really  of 
the  first  importance,  and  comes  into  play  in  many  of  the  commonest 
phenomena,  it  very  naturally  happened  that  the  discovery  of  the 
weight  of  air  formed  the  commencement  of  the  modem  revival  of 
physical  science. 

It  appears,  however,  that  Aristotle  conceived  the  idea  of  the 
possibility  of  air  having  weight,  and,  in  order  to  convince  himself  on 
this  point,  he  weighed  a  skin  inflated  and  collapsed.  As  he  obtained 
the  same  weight  in  both  cases,  he  relinquished  the  idea  which  be  had 
for  the  moment  entertained.  In  fact,  the  experiment,  as  he  per- 
formed it,  could  only  give  a  negative  result;  for  if  the  weight  of  the 
skin  was  increased,  on  the  one  hand,  by  the  introduction  of  a  fresh 
quantity  of  air,  it  was  diminished,  on  the  other,  by  the  corresponding 
increase  in  tlie  upward  pressure  of  the  air  displaced.  In  order  to 
draw  a  certain  conclusion,  the  experiment  should  be  performed  with 
a  vessel  which  could  receive  within  it  air  of  different  degrees  of 
density,  without  changing  its  own  volume. 

Galileo  is  said  to  have  devised  the  experiment  of  weighing  a 
globe  filled  alternately  with  ordinary  air  and  with  compressed  air. 
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As  the  weight  is  greater  in  the  latter  case,  Oalileo  should  have  drawn 
the  inference  that  air  is  heavy.  It  does  not  appear,  however,  that 
the  importance  of  this  conclusion  made  much  impression  on  him,  for 
he  did  not  give  it  any  of  those  developments  which  might  have  been 
expected  to  present  themselves  to  a  mind  like  hi& 

100.  Experiment  of  Otto  Onerioke. — Otto  Guericke,  the  illustrious 
inventor  of  the  air-pump,  in  1650  performed  the  following  experi- 
ment, which  is  decisive : — 

A  globe  of  glass,  furnished  with  a  stop-cock,  and  of  a  sufficient 
capacity  (about  twelve  litres),  is  exhausted  of  air.  It  is  then  sus- 
pended from  one  of  the  scales  of  a 
balance,  and  a  weight  sufficient  to 
produce  equilibrium  is  placed  in  the 
other  scale.  The  stop-cock  is  then 
opened,  the  air  rushes  into  the 
globe,  and  the  beam  is  observed 
gradually  to  incline,  so  tliat  an  addi- 
tional weight  is  required  in  the 
other  scale,  in  order  to  re-establish 
equilibrium.  If  the  capacity  of 
the  globe  is  12  litres,  about  15 '5 
grammes  will  be  needed,  which 
gives  1*3  gramme  as  the  approxi- 
mate weight  of  a  liti*e  of  air.^ 

If,  in  performing  this  experiment, 
we  take  particular  precautions  to 
insure  its  precision,  as  we  shall  ex- 
plain in  the  book  on  heat,  it  will 
be  found  that,  at  the  temperature 
of  freezing  water,  and  under  the 
pressure  of  one  atmosphere,  a  litre 
of  air  weighs  1*293  gramme.^  Under 
these  circumstances,  the  ratio  of  the  weight  of  a  volume  of  air  to  that 

of  an  equal  volume  of  water  is  jq^q  =  ^.     Air  is  thus  773  times 

lighter  than  water. 
By  repeating  this  experiment  with  other  gases,  we  may  determine 

^  A  cubic  foot  of  air  in  ordinaiy  drcnnutanoet  weighB  about  an  ounce  and  a  quarter. 

'In  strictneo,  the  weight  in  grammes  of  a  litre  of  air  under  the  pressure  of  760 
millimetres  of  merouiy  is  different  in  different  localities,  being  proportional  to  the  intensity 
of  gravity — not  because  the  force  of  gravity  on  the  litre  of  air  is  different,  for  though  this 


Fig.  100.—  Weight  of  Air. 
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their  weight  as  compared  with  that  of  air,  and  the  absolute  weight 
of  a  litre  of  each  of  them.  Thus  it  is  found  that  a  litre  of  oxygen 
weighs  1-43  gramme,  a  litre  of  carbonic  acid  1*97  gramme,  a  litre  of 
hydrogen  0-089  gramme,  &c. 

101.  Atmospheric  Pressure. — The  atmosphere  encircles  the  earth 
with  a  layer  some  50  or  100  miles  in  thickness;  this  heavy  fluid 
mass  exerts  on  the  surface  of  all  bodies  a  pressure  entirely  analogous 
both   in  nature  and  origin  to  that  sustained   by  a  body  wholly 
immei'sed  in  a  liquid.     It  is  subject  to  the  fundamental  law  men- 
tioned in  §  64.     The  pressure  should  therefore  diminish  as  we 
ascend  from  the  surface  of  the  earth,  but  should  have  the  same  value 
for  all  points  in  the  same  horizontal  layer,  provided  that  the  air  is  in 
a  state  of  equilibrium.     On  account  of  the  great  compressibility  of 
gas,  the  lower  layers  are  much  more  dense  than  the  upper  ones ;  but 
the  density,  like  the  pressure,  is  constant  in  value  for  the  same 
horizontal    layer,   throughout    any  portion    of   air    in   a  state  of 
equilibrium.     Whenever  there  is  an  inequality  either  of  density  or 
pressure  at  a  given  level,  wind  must  ensue. 

We  owe  to  Torricelli  an  experiment  which  plainly  shows  the 
pressure  of  the  atmosphere,  and  enables  us  to  estimate  its  intensity 
with  great .  precision.  This  experiment,  which  was  performed  in 
1643,  one  year  after  the  death  of  Galileo,  at  a  time  when  the  weight 
and  pressure  of  the  air  were  scarcely  even  suspected,  has  immortalized 
the  name  of  its  author,  and  has  exercised  a  most  important  influence 
upon  the  progress  of  natural  philosophy. 

102.  Torricelli's  Experiment. — ^A  tube  of  about  a  quarter  or  a  third  of 
an  inch  in  diameter,  and  about  a  yard  in  length,  is  completely  filled 
with  mercury ;  the  extremity  is  then  stopped  with  the  finger,  and 
the  tube  is  inverted  in  a  vessel  containing  mercury.  If  the  finger  is 
now  removed,  the  mercury  will  descend  in  the  tube,  and  after  a  few 

is  true,  it  does  not  affect  the  numerical  value  of  the  weight  when  stated  in  grammes,  but 
because  the  pressure  of  760  millimetres  of  mercury  varies  as  the  intensity  of  gravity,  so 
that  more  air  is  compressed  into  the  space  of  a  litre  as  gravity  increases.     (§  107,  6.) 

The  weight  in  grammes  is  another  name  for  the  m<iss.  The  force  of  gravity  on  a  litre  of 
air  under  the  pressure  of  760  millimetres  is  proportional  to  the  square  of  the  intensity  of 
gravity. 

This  is  an  excellent  example  of  the  ambiguity  of  the  word  teeight,  which  sometimes 
denotes  a  mass,  sometimes  a  force;  and  though  the  distinction  is  of  no  practical  importance 
BO  long  as  we  confine  our  attention  to  one  locality,  it  cannot  be  neglected  when  different 
localities  are  compared. 

Kegnault's  determination  of  the  weight  of  a  litre  of  dry  air  at  0°  Cent,  under  the  pressure 
of  760  millimetres  at  Paris  is  1 '293187  gnunme.  Gravity  at  Paris  is  to  gravity  at  Green- 
wich  as  8456  to  8457.    The  corresponding  number  for  Greenwich  is  therefore  1 '298561. 


TOBBICELLI'S  E 

osdll&tioDa  will  remain  stationary  at 

to  circuQistances,  but  which  is  genen 

The  column  of  mercury  ia  mail 

pressure  of  tll^  atmosphere  upon  th 
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vessel  In  fact,  the  pressure  at  the 
within  as  without  the  tube;  so  th 
eserts  a  pressure  equal  to  tliat  of  the 

Accordingly,  we  conclude  from  th 
etwry  awrface  exposed  to  the  atmoepl 
ti^l,  on  an  average,  to  the  weight 
dose  ie  this  aurface,  and  whose  heigh 

It  is  evident  that  if  we  perfora 
vater,  whose  density  is  to  that  of  n 
oC  the  column  sustained  would  be 


144 


THE  BABOMETER. 


30  X  13*59  inches,  or  about  34  feet.     This  is  the  maximum  height 
to  which  water  can  be  raised  in  a  pump;  as  was  observed  by  Galileo. 

In  general  the  heights  of  columns  of  different  liquids 
equal  in  weight  to  a  column  of  air  on  the  tame  base,  are 
inversely  proportional  to  their  densities. 

108.  Pressure  of  One  Atmosphere. — ^We  can  easily  calcu- 
late the  amount  of  this  pressure  for  a  given  surface,  for 
.example;  a  square  inch.  It  is  the  weight  of  a  column  of 
mercury  whose  base  is  a  square  inch  and  height  30  inches, 
that  is,  the  weight  of  30  cubic  inches  of  mercury ;  and  as 
a  cubic  inch  of  mercury  weighs  about  half  a  pound,  the 
atmospheric  pressure  on  a  square  inch  is  about  1 5  pounds. 
This  pressure  of  15  pounds^  to  the  square  inch  is  called 
the  pressure  of  one  atmosphere;  it  is  exerted  in  a  normal 
direction  at  all  points  on  the  surface  of  a  body,  and  in 
consequence,  as  in  the  case  of  a  body  wholly  immersed  in 
a  liquid,  the  resultant  of  the  different  elementary  pres- 
sures is  a  vertical  upward  pressure  equal  to  the  weight  of 
the  air  displaced.  The  effect  of  the  air,  therefore,  is  not, 
as  was  formerly  supposed,  to  press  bodies  to  the  surface 
of  the  earth ;  on  the  contrary,  it  tends  to  raise  them,  as  in  a  liquid, 
but  with  comparatively  small  force,  owing  to  its  small  density.  It 
is  upon  this  principle  that  the  ascent  of  balloons  depends,  as  we  shall 
see  hereafter. 

104.  Pascal's  Experiments. — It  is  supposed,  though  without  any  de- 
cisive proof,  that  Torricelli  derived  from  Galileo  the  definite  conception 
of  atmospheric  pressure.*  However  this  may  be,  when  the  experiment 
of  the  Italian  philosopher  became  known  in  France  in  1644,  no  one 
was  capable  of  giving  the  correct  explanation  of  it,  and  the  famous 
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^  As  the  weight  of  a  cubic  centimetre  of  mercury  at  zero  is  13 '596  grammes,  the  pres- 
sure of  760  millimetres  is  13'596  x  76  =  1033*3  grammes  per  square  oentimetrQ  =  14*70 
pounds  per  square  inch.     760  millimetres  are  29*922  inches. 

'  In  the  fountains  of  the  Grand-duke  of  Tuscany  some  pumps  were  required  to  raise 
water  from  a  depth  of  from  40  to  50  feet.  When  these  were  worked,  it  was  found  that  they 
would  not  draw.  Galileo  determined  the  height  to  which  the  water  rose  in  their  tubes, 
and  found  it  to  be  about  32  feet ;  and  as  he  had  observed  and  proved  that  air  has  weight, 
he  readily  conceived  that  it  was  the  weight  of  a  column  of  the  atmosphere  which  maintained 
the  water  at  this  height  in  the  pumps.  No  very  useful  results,  however,  were  expected 
from  this  discovery,  until,  at  a  later  date,  Torricelli  adopted  and  greatly  extended  it. 
Desiring  to  repeat  the  experiment  in  a  more  convenient  form,  he  conceived  the  idea  di  sub- 
stituting for  water  a  liquid  that  is  14  times  as  heavy,  namely,  mercury,  rightly  imagining 
that  a  column  of  one-fourteenth  of  the  length  would  balance  the  force  which  sustained  S2 
feet  of  water  (Biot,  Biogrnphie  UniverKlUy  article  *'Tomoelli''}. — D. 
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doctnne  that  "nature  abbors  a  Tacuum,"  by  which  the  rising  of 
ff&ter  in  a  pump  was  accounted  for,  waa  generally  accepted.     Pascal 
was  the  first  to  prove  incontestably  tbe  falsity  of  this  old  doctrine, 
and  to  introduce  a  more  rational  belief     For  this  purpose  he  pro- 
posed or  executed  a  series  of  ingenioos  experiments,  and  discussed 
minately  all  the  phenomena  which  were  attributed 
U)  oature's  abhorrence  of  a  vacuum,  showing  that 
they  were  necessary  consequences  of  the  pressure 
of  the  atmosphere. 

We  may  cite  in  particular  the  observation,  made 
at  his  suggestion,  that  the  height  of  the  mercurial 
colamn  decreases  in  proportion  as  we  ascend. 
This  beautiful  and  decisive  experiment,  which  is 
repeated  as  often  as  heights  are  measured  by  the 
barometer,  and  which  leaves  no  doubt  as  to  the 
nature  of  the  force  which  sustains  the  mercurial 
column,  was  performed  for  the  first  time  at  Cler- 
mont, and  on  the  top  of  the  Puy-de-Ddme,  on  the 
19th  September,  1648. 

105.  The  Barometer, — By  fixing  the  Torricellian 
tube  in  a  permanent  position,  we  have  a  means 
of  measuring  the  amount  of  the  atmospheric  pres- 
sare  at  any  moment ;  and  this  pressure  may  be 
expressed  by  the  height  of  the  column  of  mercury 
which  it  supports.  Such  an  instrument  is  called 
a  baTtxmeter.  In  order  that  ita  indications  may 
be  accurate,  several  precautions  must  be  observed. 
In  the  first  place,  the  liquid  used  in  difierent 
barometers  must  be  identical,  for  the  height  of 
the  column  supported  naturally  depends  upon  the 
density  of  the  liquid  employed,  and  if  this  varies, 
the  observations  made  with  difierent  instruments 
will  not  be  comparable. 

The  mercury  employed  is  chemically  pure,  being 
generally  made  so  by  washing  with  a  dilute  acid  ^«  lOB—^neur  in 
aod-by  subsequent  distillation.  The  barometric 
tube  is  filled  nearly  full,  and  is  then  placed  upon  a  sloping  furnace, 
and  heated  till  the  mercury  boils.  The  object  of  this  process  is  to 
expel  the  air  and  moisture  which  may  be  contained  in  the  mercurial 
columu,  and  which,  without  this  precaution,  would  gradually  ascend 
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into  the  vacuum  above,  aud  cauae  a  downward  pressure  of  tuknown 
amounb,  wbich  would  preveot  the  mercury  from  rising  to  the  proper 
height. 

The  next  step  ia  to  fill  up  the  tube  with  pure  mercury,  taking 
care  not  to  introduce  any  bubble  of  air.  The  tube  ia  then  inverted 
in  a  cistern  likewise  containing  pure 
mercury  I'ecently  boiled,  and  is  firmly 
fixed  in  a  vertical  position,  as  shown 
io  Fig.  109. 

We  have  thus  a  fixed  barometer; 
and  in  order  to  ascertain  the  atmo- 
spheric pressure  at  any  moment,  it  ia 
only  necessary  to  measure  the  height 
of  the  top  of  the  column  of  mercury 
above  the  surface  of  the  mercury  in 
the  cistern.  For  this  piupose  an  iron 
rod,  working  in  a  screw,  is  fixed  ver- 
tically above  the  surface  of  the  mer- 
cury in  the  dish.  The  extremities  of 
this  rod  are  pointed,  and  the  lower 
extremity  being  brought  down  to 
touch  the  surface  of  the  liquid  below, 
the  distance  of  the  upper  extremity 
from  the  top  of  the  .column  of  mer- 
cury ia  measured.  Adding  to  this  the 
length  of  the  rod,  which  baa  previ- 
ously been  determined  once  for  all, 
we  have  the  barometric  height.  This 
measurement  may  he  efiected  with 
great  precision  by  meana  of  the  cathe- 
tometer. 

105  A.  Cathetomster. — This  instni- 

j^    ment,  which   is  so  fi-equenUy   ena- 

"     ployed  in  physics  to  measure  the  ver- 

Fig.  iiD.-CHhEt<mHter.  tical  distance  between   two  points, 

was  invented  by  Dulong  and  Petit. 

It  consiata  easentially  (Fig,  110)  of  a  vertical  scale  divided  tiBually 

into  half  millimetrea    This  scale  forms  part  of  a  brass  cylinder  cs^oable 

of  turning  very  easily  about  a  strong  ateel  axis.    This  axis  is  fixed  on 

a  pedestal  provided  with  three  levelling  acrews,  and  with  two  apirit- 
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lerds  at  right  angles  to  each  other.  Along  the  scale  moves  a  sliding 
frame  carrying  a  telescope  furnished  with  crosswires,  that  is,  with  two 
very  fine  threads,  usoally  spider  liuea,  in  the  focus  of  the  eye-piece, 
whose  point  of  intersection  serves  to  determine  the  line  of  vision.  By 
means  of  a  clamp  and  slow-motion  screw,  the  telescope  can  be  fixed 
with  great  precision  at  any  recjnired  height  The  telescope  is  also 
provided  with  a  spirit-level  and  adjusting  screw.  — 

When  the  apparatus  is  in  correct  adjustment, 
the  line  of  vision  of  the  telescope  is  horizontal, 
and  the  graduated  scale  is  vertical  If  then  we 
wish  to  measure  the  difference  of  level  between 
two  points,  we  have  only  to  sight  them  succes- 
sively, and  measure  the  distance  passed  over  on 
the  scale,  which  is  done  by  means  of  a  vernier 
attached  to  the  sliding  &ame. 

106.  Fortin'B  Barometer. — The  barometer  just 
described  is  intended  to  be  fixed ;  when  porta- 
bility is  required  the  barometer  invented  by 
Fortin  is  employed.  It  is  also 
perfectly  adapted  to  general  use. 
The  cistern,  which  is  formed  of  a 
tube  of  bo9Cwood,  surmounted  by 
a  tube  of  glass,  is  closed  below  by 
a  piece  of  leather,  which  can  be 
raised  or  lowered  by  means  of  a 
screw.  This  screw  works  in  the 
bottom  of  a  copper  case,  which 
incloses  the  cistern  except  at  the 
middle,  where  it  is  cut  away  in 
ibot  and  at  the  back,  so  as  to 
leave  the  surface  of  the  mercury 
open  to  view.     The  barometric 

tube  is  encased  in  a  tube  of  copper,         fji.  iii.  Fig.  m. 

.ilk  two  dita  .t  opposite  sides  "XZ^."  ""Si^"" 

(Fig.  112);  and  it  is  on  this  tube 

that  the  divisions  are  engraved,  the  zero  point  from  which  they  are 
reckoned  being  the  lower  extremity  of  au  ivory  point  fixed  in  the 
coTcring  of  the  cistern.  The  temperature  of  the  mercury,  which  is 
Quired  for  one  of  the  corrections  mentioned  in  next  section,  is  given 
^J  a  thermometer  with  its  bulb  resting  against  the  tube.     A  sliding 
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piece,  furnished  with  a  vernier,^  moves  along  the  tube  by  means  of 
a  screw,  and  enables  us  to  determine  the  height  with  great  pre- 
cision. Its  lower  edge  is  the  zero  of  the  vernier.  The  way  in  which 
the  barometric  tube  is  fixed  upon  the  cistern  is  worth  notice.  In  the 
centre  of  the  upper  surface  of  the  copper  casing  there  is  an  opening, 
from  which  rises  a  short  tube  of  the  same  metal,  lined  with  a  tube  of 
boxwood.  The  barometric  tube  is  pushed  inside,  and  fitted  in  with 
a  piece  of  chamois  leather,  which  prevents  the  mercury  from  issuing: 
but  does  not  exclude  the  air,  which,  passing  through  the  pores  of  the 
leather,  penetrates  into  the  cistern,  and  so  transmits  its  pressure. 

Before  taking  an  observation,  the  surface  of  the  mercury  is  adjusted, 
by  means  of  the  lower  screw,  to  touch  the  ivory  point.  The  observer 
knows  when  this  condition  is  fulfilled  by  seeing  the  extremity  of  the 
point  touch  its  image  in  the  mercury.  The  vernier  is  then  raised  or 
lowered,  until  the  horizontal  plane  in  which  its  zero  lies  is  tangential 

^  The  vernier  is  an  instrument  very  largely  employed  for  measuring  the  fractions  of  a 
unit  of  length  on  any  scale.  Suppose  we  have  a  scale  divided  into  inches,  and  another 
scale  containing  nine  inches  divided  into  ten  equal  parts.  If  now  we  make  the  end  of  this 
latter  scale,  which  is  called  the  vernier,  coincide  with  one  of  the  divisions  in  the  scale  of 
inches,  as  each  division  of  the  vernier  is  -fi^  of  an  inch,  it  is  evident  that  the  first  division 
on  the  scale  will  he  ^  of  an  inch  heyond  the  first  division  on  the  vernier,  the  second  on  the 
scale  ^  beyond  the  second  on  the  vernier,  and  so  on  until  the  ninth  on  the  scale,  which 


1       1      1      1       1      1       1      1      }      1       1      • 

3        ^        ^        t  1 

Jilt      1      1      I      1      1      1      '■■  -  ■ 

•      12        34»'«7t9«| 

|.4         2S«f«7t>Tl 

^         1               1                1               1               1               1               T               1               1                t               1               1 

1       1       1       1    1 

r      1       1       »       I       i      1 
U     1      2      s      «     k     » 

7     •     >   H 

Fig,  118.— Vernier. 

will  exactly  coincide  with  the  tenth  on  the  vernier.  Suppose  next  that  in  measaring 
any  length  we  find  that  its  extremity  lies  between  the  degrees  5  and  6  on  the  scale ;  we 
bring  the  zero  of  the  vernier  opposite  the  extremity  of  the  length  to  be  measured,  and 
observe  what  division  on  the  vernier  coincides  with  one  of  the  divisions  on  the  scale.  We 
see  in  the  figure  that  it  is  the  seventh,  and  thus  we  conclude  that  the  fraction  required  is 
•^  of  an  inch. 

If  the  vernier  consisted  of  19  inches  divided  into  20  equal  parts,  it  would  read  to  the  -^ 
of  an  inch ;  but  there  is  a  limit  to  the  precision  that  can  thus  be  obtained.  An  exact  coin- 
cidence of  a  division  on  the  vernier  with  one  on  the  scale  seldom  or  never  takes  place,  and 
we  merely  take  the  division  which  approaches  nearest  to  this  coincidence ;  so  that  when 
the  difference  between  the  degrees  on  the  vernier  and  those  on  the  scale  is  very  small,  there 
may  be  so  much  uncertainty  in  this  selection  as  to  nullify  the  theoretical  precision  of  the 
instrument.  Verniers  are  also  employed  to  measure  angles ;  when  a  circle  is  divided  into 
half  degrees,  a  vernier  \&  used  which  gives  ^V  ^^  *  division  on  the  circle^  that  is,  3^  of  a 
half  degree,  or  one  minute. — D. 


to  tbe  upper  surface  of 
In  makiag  this  adjust 
tomed  towards  a  good 
tain  of  the  position  ii 
which  the  light  is  juai 
cut  off  at  the  summit  ol 
the  convexity. 

When  the  instrumeni 
is  to  be  moved,  the 
screw  at  the  bottom  it 
turned  until  the  tube  if 
filled-  The  cistern  will 
then  be  full  also,  and 
the  barometer  should  b« 
inverted,  as  an  addi- 
tional safeguard  both 
against  the  introduction 
of  air  and  the  escape  of 
mercury.  In  making 
observations  upon  the 
surface  of  the  ground, 
the  instrument  is  sus- 
pended from  a  tripod 
stand  by  gimbals,'  so 
that  it  always  takes  a 
vertical  position;  or  it 
may  be  fixed  perman- 
ently against  a  waU. 

106a.  Float  A4juBt- 
mmt. — In  some  baro- 
meters the  ivory  point 
forindicating  the  proper 
level  of  the  mercui^-  in 
the  cistern  is  replaced 
byafloat  F  (Fig.  115) 
IS  a  small  ivory  piston, 
moving  freely  up  and  ( 
borizontal  line  (interrup 

'A  kind  of  aniTeraal  joint,  h 
?•>»>,  Umja,  kc.     It  u  teen  in 
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guides,  and  another  is  engraved  on  the  piston,  ac  mich  a  height  that 
the  three  lines  form  one  straight  line  when  the  surface  of  the  mer- 
cury in  the  tnstern  stands  at  the  zero  point  of  the  scale. 
107.  Barometrio  ComotionB.  —  In  order  that  baro- 
metric heights  may  be  comparable  as  measures  of 
atmospheric  pressure,  certain  corrections  must  be  ap- 
plied. 

1.  Gcyrrection  for  Temperature.  As  mercury  expands 
with  heat,  it  follows  that  a  column  of  warm  mercury 
exerts  less  pressure  than  a  column  of  the  same  height 
at  a  lower  temperature;  aud  it  is  usual  to  reduce  the 
actual  height  of  the  column  to  the  height  of  a  column 
at  the  temperature  of  freezing  water,  which  would 
exert  the  same  pressure. 

Let  k  be  the  observed  height  at  temperature  f  Centi- 
grade, and   h^  the  height  reduced   to  freezing-point. 
Then,  if  m  be  the  coefficient  of  expansion  of  mercury 
FJi,  lis.         per  degree  Cent,  we  have 
Plot  Adjnrtmoit. 

1,  U  +  m()=ii,  whence  h^—h-kmlaetAj. 

The  value  of  m  (Chap.  xxiL)  is  =^  =  00018018.  For  temperatures 
Fahrenheit,  we  have 

K  {  l+Bi(i-32]  ^=A,  A„  =  A-Am  (1-32), 
where  m  denotes  -^=0001001. 

But  temperature  also  affects  the  length  of  the  divisions  on  the 
scale  by  which  the  height  of  the  mercurial  column  is  measured  If 
these  divisions  be  true  inches  at  0°  Cent.,  then  at  t"  the  length  of  n 
divisions  will  he  n  (\  +1 1)  inches,  I  denoting  the  coefficient  of  linear 
expansion  of  the  scale,  the  value  of  which  for  brass,  the  usual 
material,  is  001101878.  If  then  the  observed  height  h  amounts  to 
n  divisions  of  the  scale,  we  have 

A,  (l  +  Bl()  =  A=n  (1  +  Ii): 
whence 

».."-Jl±i^«.»-».(»-0,.«H,; 

that  is  to  say,  if  n  be  the  height  read  off  on  the  scale,  it  must  be 
diminished  by  the  correction  n  t  (m— Q,  t  denoting  tlie  temperature 
of  the  mercury  in  degrees  Centigrade.  The  value  of  m—l  is 
O001GI4. 
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For  temperatures  Fahrenheit,  assuming  the  scale  to  be  of  the 
correct  length  at  32"*  Fahr.,  the  formula  for  the  correction  (which  is 
still  subtractive),  is  n  (^—32)  (m— Q,  where  m— i  has  the  value 
•00008967.^ 

2.  Correction  for  Capillarity. — In  the  preceding  chapter  we  have 
seen  that  mercury  in  a  glass  tube  undergoes  a  capillary  depression, 
whence  it  follows  that  the  observed  barometric  height  is  too  small, 
and  that  we  must  add  to  it  the  amount  of  this  depression.  In  all 
tabes  of  internal  diameter  less  than  about  f  of  an  inch  this  correction 
is  sensible;  and  its  amount,  for  which  no  simple  formula  can  be  given, 
has  been  computed,  from  theoretical  considerations,  for  various  sizes 
of  tube,  by  several  eminent  mathematicians,  and  recorded  in  tables, 
from  which  that  given  below  is  abridged.  These  values  are  applicable 
on  the  ajssumption  that  the  meniscus  which  forms  the  summit  of  the 
mercurial  column  is  decidedly  convex,  as  it  always  is  when  the  mer- 
cury is  rising.  When  the  meniscus  is  too  flat,  the  mercury  must  be 
lowered  by  the  foot-screw,  and  then  screwed  up  again. 

It  is  found  by  experiment,  that  the  amount  of  capiUary  depression 
is  only  half  as  great  when  the  mercury  has  been  boiled  in  the  tube, 
as  when  this  precaution  has  been  neglected. 

For  purposes  of  special  accuracy,  tables  have  been  computed, 

'  The  oorrection  for  temperature  is  usually  made  by  the  help  of  tables,  which  give  its 
amount  for  all  ordinary  temperatures  and  heights.  These  tables,  when  intended  for 
English  barometers,  are  generally  constructed  on  the  assumption  that  the  scale  is  of  the 
correct  length  not  at  32**  Fahr.,  but  at  62°  Fahr.,  which  is  (by  act  of  Parliament)  the 
temperature  at  which  the  British  standard  yard  (preserved  in  the  office  of  the  Exchequer) 
is  correct.  On  this  supposition,  the  length  of  n  divisions  of  the  scale  at  temperature  t^ 
Fahr.,  is 

and  by  equating  ibis  expression  to 

A^{l+iii(<-82)} 
we  find 

Ao  =  n{l-i»(«-82)  +  «(«-62)} 

=n{l-  (to-Z)  t+  (32m-620} 

= n  { 1  -  -00008967  t  +  00255654  }  ; 
whidi,  omitting  superfluous  decimals,  may  conveniently  be  put  in  the  form^> 

—  (09  <- 2-66). 


1000 

The  correction  vanishes  when 

•09  e- 2-56=0; 

Oat  is,  when  <=^= 28-5. 

9 

For  all  temperatures  higher  than  this  the  correction  is  subtractive. 
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giving  the  amount  of  capillary  depression  for  different  degrees  of 
convexity,  as  determined  by  the  sagitta  (or  height)  of  the  meniscus, 
taken  in  conjunction  with  the  diameter  of  the  tube.  Such  tables, 
however,  are  seldom  used  in  this  country.^ 

Table  of  Capillaby  Depressions  in  Unboiled  Tubes. 
(TV  be  halved  for  Boiled  Tubes.) 


Diameter  of 
tube  in  inches. 

DepreMion. 

Diameter. 

Depression. 

Diameter. 

DepreBion. 

•10 

■140 

•20 

•058 

•40 

•015 

•11 

•126 

•22 

■050 

•42 

•018 

•12 

•114 

•24 

•044 

•44 

•Oil 

•18 

•104 

•26 

•038 

•46 

•009 

.      ^14 

•094 

•28 

•033 

•48 

•008 

•15 

•086 

•30 

•029 

•50 

•007 

•16 

•079 

•82 

•026 

•55 

•005 

•17 

•078 

'34 

•028 

•60 

•004 

•18 

•068 

•36 

•020 

•65 

•008 

•19 

•063 

•38 

•017 

•70 

•002 

3.  Correction  for  Capacity. — When  there  is  no  provision  for  ad- 
justing the  level  of  the  mercury  in  the  cistern  to  the  zero  point  of 
the  scale,  another  correction  must  be  applied  It  is  called  the  cor- 
rection for  capacity.  In  barometers  of  this  construction,  which  were 
formerly  much  more  common  than  they  are  at  present,  there  is  a 
certain  point  in  the  scale  at  which  the  mercurial  column  stands  when 
the  mercury  in  the  cistern  is  at  the  correct  level  This  is  called  the 
neutral  point.  If  A  be  the  interior  area  of  the  tube,  and  C  the  area 
of  the  cistern  (exclusive  of  the  space  occupied  by  the  tube  and  its 
contents),  when  the  mercury  in  the  tube  rises  by  the  amount  x,  the 

mercury  in  the  cistern  falls  by  an  amount  yzz^x,  for  the  volume  of 

the  mercury  which  has  passed  from  the  cistern  into  the  tube  is 
C  2/= A  a;.     The  change  of  atmospheric  pressure  is  correctly  measured 

l^y  ^+2/=  (l  +c  )  ^>  and  if  we  now  take  x  to  denote  the  distance  of 
the  summit  of  the  mercurial  column  from  the  neutral  point,  the  cor- 
rected distance  will  be  (l  +q)  x,  and  the  correction  to  be  applied  to 

the  observed  reading  will  be  ^  x,  which  is  additive  if  the  observed 

reading  be  above  the  neutral  point,  subtractive  if  below. 

It  is  worthy  of  remark  that  the  neutral  point  depends  upon  the 

^  The  most  complete  collection  of  meteorological  and  physical  tables,  is  that  edited  by 
Professor  Gayot,  and  published  under  the  auspices  of  the  Smithsonian  Institution,  Wash- 
ington. ' 


^  A. 


BAROMETRIC  CORRECTION&  153 

volume  of  mercury.  It  will  be  altered  if  any  mercury  be  lost  or 
added;  and  as  temperature  affects  the  volume,  a  special  temperature- 
correction  must  be  applied  to  barometers  of  this  class.  The  investi- 
gation will  be  found  in  a  paper  by  Professor  Swan  in  the  PhiloaophicoU 
Mdgazine  for  1861. 

In  some  modem  instruments  the  correction  for  capacity  is  avoided, 

by  making  the  divisions  on  the  scale  leas  than  true  inches*  in  the 

c 
ratio  -^^^i  and  tlie  effect  of  capillarity  is  at  the  same  time  compen- 
sated by  lowering  the  zero  point  of  the  scale.     Such  instruments,  if 
correctly  made,  simply  require  to  be  corrected  for  temperature. 

4.  iTidex  Errors. — Under  this  name  are  included  errors  of  gradua- 
tion, and  errors  in  the  position  of  the  zero  of  the  graduations.  Ah 
error  of  zero  makes  all  readings  too  high  or  too  low  by  the  same 
amount  Errors  of  graduation  (which  are  generally  exceedingly 
small)  are  different  for  different  parts  of  the  scale. 

Barometers  intended  for  accurate  observation  are  now  usually 
examined  at  Kew  Observatory  before  being  sent  out;  and  a  table  is 
furnished  with  each,  showing  its  index  error  at  every  half  inch  of 
the  scale,  errors  of  capillarity  and  capacity  (if  any)  being  included  as 
part  of  the  index  error.  We  may  make  a  remark  here  once  for  all 
respecting  the  signs  attached  to  errors  and  corrections.  The  sign  of 
an  error  is  always  opposite  to  that  of  its  correction.  When  a  reading 
is  too  high  the  index  error  is  one  of  excess,  and  is  therefore  positive; 
whereas  the  correction  needed  to  make  the  reading  true  is  subtrac- 
tive,  and  is  therefore  negative. 

5.  Reduction  to  Sea-level. — In  comparing  barometric  observations 
taken  over  an  extensive  district,  for  meteorological  purposes,  it  is 
usual  to  apply  a  correction  for  difference  of  leveL  Atmospheric  pres- 
sure, as  we  have  seen,  diminishes  as  we  ascend;  and  it  is  usual  to  add 
to  the  observed  height  the  difference  of  pressure  due  to  the  elevation 
of  the  place  above  sea-leveL  The  amount  of  this  correction  is  pro- 
portional to  the  observed  pressure.  The  law  according  to  which  it 
increases  with  the  height  will  be  discussed  in  the  next  chapter. 

6.  Correction  for  Unequal  Intensity  of  Oravity. — When  two 
barometers  indicate  the  same  height,  at  places  where  the  intensity  of 
gravity  is  different  (for  example,  at  the  pole  and  the  equator),  the 
same  mass  of  air  is  superincumbent  over  both ;  but  the  pressures  are 
nnequal,  being  proportional  to  the  intensity  of  gravity  as  measured 
by  the  values  of  gr  (Chapa  v.  vi.)  at  the  two  places.     When  intensity 
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of  pressare  is  to  be  expreaeed  in  absolute  measure,  it  should  be  stated 
in  absolute  units  of  force  (§  42)  per  unit  area.  If  we  adopt  as  our  ab- 
solute unit  of  force,  that  force  which,  acting  on  a  pound  of  matter  for 
a  second,  would  generate  a  velocity  of  a  foot  per  second,  it  is  neces- 
sary that  the  square  foot  should  be  made  the  unit  of  areai 

Since  the  force  of  gravity  on  a  pound  contains  g  absolute  units  of 
force,  and  the  weight  of  144  cubic  inches  of  mercury  at  0°  Centigrade 
is  707275  lbs,  we  have  the  following  rules  for  reducing  pressure  per 
unit  area  to  absolute  measure: — 

To  ledace  lbs.  per  »q.  foot  to  absolute  meaaoie,  multiply  by         g. 

„        ]b>.  pec  iq.  inch  „  „  Hig. 

„        incheB  of  niercnry  „  ,i      9>^  707275. 

108.  Other  kinds  of  Heroorial  Barometer. — The  Siphon  Barometer, 
which  is  represented  in  Fig.  116,  consists  of  a  bent  tube,  generally 
of  uniform  bore,  having  two  unequal  legs.  The  longer 
1^,  which  must  be  more  than  30  inches  long,  is  closed, 
while  the  shorter  leg  is  open,  A  sufficient  quantity  of 
mercury  having  been  introduced  te  fill  the  longer  leg,  the 
instrument  is  set  upright  (after  boiling  to  expel  air),  and 
the  mercury  takes  such  a  position,  that  the  difference  of 
levels  in  the  two  legs  represents  the  pressure  of  the  atmo- 
sphere. 

Supposing  the  tube  to  be  of  uniform  section,  the  mercury 
will  always  fall  as  much  in  one  leg  as  it  rises  in  the  other. 
Each  end  of  the  mercurial  column  therefore  rises  or  falls 
through  only  half  the  height  corresponding  to  the  change 
of  atmospheric  pressure. 

In  the  best  siphon  barometers  there  are  two  scales,  one 
for  each  leg,  as  indicated  in  the  figure,  the  divisions  on 
one  being  reckoned  upwards,  and  on  the  other  downwards, 
from  an  intormediate  zero  point,  so  that  the  sum  of  the 
two  readings  is  the  difierence  of  levels  of  the  mercury  in 
the  two  branches. 
Inasmuch  as  capillarity  tends  to  depress  both  extremities  of  the 
mei-curial  column,  its  effect  is  generally  neglected  in  siphon  baro- 
meters; but  practically  it  causes  great  difficulty  in  obteining  accurate 
observations,  for  according  as  the  mercury  is  rising  or  falling  its 
extremity  is  more  or  less  convex,  and  a  great  deal  of  tapping  ia 
usually  required  to  make  both  ends  of  the  column  assume  the  same 
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Ibrm,  which  is  the  condition  necessary  for  annihilating  the  effect  of 
apillaiy  action. 

Wheel  BaTometer. — The  wheel  barometer,  which  is  in  more  gen- 
eral use  than  its  merits  deserve,  consists  of  a  siphon  barometer, 
the  two  branches  of  which  have  nsuallj  the  same  diameter.  On 
the  snr&ce  of  Uie  mercury  of  the  open  imuich  floats  a  email  piece 


Fii.  IIT.— miHl 

of  iron  or  glass  suspended  by  a  thread,  the  other  extremity  of  which 
i»  fixed  to  a  pulley,  on  which  the  thread  is  partly  rolled.  Another 
thread,  rolled  parallel  to  the  first,  supports  a  weight  which  balances 
tie  float  To  the  axis  of  the  pulley  is  fixed  a  needle  which  moves  on 
a  dial  When  the  level  of  the  mercury  varies  in  either  direction,  the 
Soat  follows  its  movement  through  the  same  distance;  by  the  action 
of  the  counterpoise  the  pulley  turns,  and  with  it  the  needle,  the  ex- 
tremity of  which  points  to  the  figures  on  the  dial,  marking  the  baro- 
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metric  heights.  The  mounting  of  the  dial  is  usually  placed  in  front 
of  the  tube,  ao  as  to  conceal  ita  presence.  The  wheel  barometer  is  a 
very  old  invention,  and  was  introduced  by  the  celebrated  Hooke  in 
16S3.  The  pulley  and  strings  are  sometimes  replaced  by  a  rack  and 
pinion,  as  represented  in  the  figure  (Fig.  117). 

Besides  the  faults  incidental  to  the  siphon  barometer,  the  wheel 
barometer  ia  encumbered  in  its  movements  by  the  friction  of  the 
additional  apparatus  It  is  quite  unsuitable  for  measuring  the  exact 
amount  of  atmospheric  pressure,  and  is  slow  in  indicating  changes. 

Marina  Barometer. — The  ordinary  mercurial  barometer  cannot  be 
used  at  sea,  on  account  of  the  violent  oscillations  which  the  mercury 
would  experience  from  the  motion  of  the  vesseL  In  order  to  meet 
this  difficulty,  the  tube  is  contracted  in  its  middle 
portion  nearly  to  capillary  dimensions,  so  that  the 
motion  of  the  mercury  in  either  direction  is  hindered. 
An  instrument  thus  constructed  is  called  a  marine 
barometer.  When  such  an  instrument  is  used  on  land 
it  is  always  too  slow  in  its  indications 

Adie'a  Barometer. — A  very  convenient  form  of 
barometer,  which  is  extensively  used  under  the  direc- 
tion of  the  Board  of  Trade,  ia  constructed  by  Adie 
of  London.  The  error  of  capillarity  is  allowed  for 
in  fixing  the  zero  point  of  the  scale.  The  error  of 
capacity  is  obviated  by  making  the  divisions  of  the 
I  scale  less  than  true  incliea,  in  siicli  a  ratio  as  exactly 
to  correct  for  capacity.  The  observer,  therefore,  has 
merely  to  read  the  height  of  the  top  of  the  mercurial 
column,  and  correct  for  temperature.  The  tube  ia 
generally  contracted  in  its  middle  part,  to  diminish 
the  "pumping"  (i.e.  oscillation),  which  occuib  when 
it  is  carried  from  place  to  place;  but  the  contraction 
is  much  less  than  in  the  marine  barometer. 

108a.  SjrmpieBometer  (n>v,  va^u). — Adie's  sympie- 

someter  (Fig.  118)  consists  of  a  glass  tube  18  inches 

in   length  and  f  inch  in  diameter,  with  a   small 

chamber  at  the  top,  and  an  open  cistern  below.      In 

Sfnipi(»mtu>i.        the  original  construction  the  upper  part  of  the  tube 

was  filled  with  hydrogen,  and  the  lower  part  and 

cistern  with  oil  of  almonda     In  the  construction  now  employed  these 

materials  are  replaced  by  common  air  and  gtycerina 


AWKKOID  BAHOBCETEB.  (57 

When  the  pressure  of  the  atmosphere  increases,  the  air  in  the  upper 
put  of  the  tube  is  compressed,  and  the  fluid  rises ;  when  it  diminishes, 
the  fluid  falls.  The  instrument  is  graduated  by  comparison  with  a 
mercuTial  barometer.  The  intervals  corresponding  to  inches  of  mei-- 
eanal  pressure  are  much  longer  than  inches,  and  are  of  unequal 
length,  becoming  shorter  ob  we  ascend  on  the  tube.  To  obviate  error 
htm  the  increased  pressure  of  the  inclosed  air  when  it-^  temperature 
ii  raised,  a  thermometer  and  sliding  scale  are  added  to  the  instru- 
ment, so  that  it  may  be  adjusted  for  temperature  at  each  observation. 
The  synipiesometer  is  very  quick  in  its  indications,  and  from  its 
portability  is  well  adapted  for  being  used  at  sea,  but  it  is  not  suited 
for  exact  observation. 

Jta  originally  made  it  was  liable  to  gradual  change,  &om  absorption 
of  the  hydrogen  by  the  oil  of  almonds.  In  the  present  construction 
absorption  is  less  liable  to  occur,  at  least  if  the  glycerine  be  of  the 
proper  consistency. 

109.  Aneroid  Barometer  (a,  v^pot)- — ^This  barometer  depends  upon 


^  changes  in  the  form  of  a  thin  metallic  vessel,  partially  exhausted 
^  ur,  as  the  atmospheric  pressure  varies.  M.  Vidie  was  the  first  to 
OTercome  the  numerons  difficulties  which  were  presented  in  the  con- 
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struction  of  these  instruments.     We  subjoin  a  figure  of  the  model 
which  he  finally  adopted 

The  essential  part  is  a  cylindrical  box  partially  exhausted  of  air, 
the  upper  surface  of  which  is  corrugated  in  order  to  make  it  yield 
more  easily  to  external  pressure.  At  the  centre  of  the  top  of  the 
box  is  a  small  metallic  pillar  M,  which  acts  upon  a  powerful  steel 
spring  R  As  the  pressure  varies,  the  top  of  the  box  rises  or  faUs, 
transmitting  its  movement  to  the  spring,  and  thence,  by  means  of 
two  levers  I  and  m,  to  a  metallic  axis  r.  This  latter  carries  a  third 
lever  t,  the  extremity  of  which  is  attached  to  a  chain  8  which  turns 
a  drum,  the  axis  of  which  bears  the  index  needle.  A  spiral  spring 
keeps  the  chain  constantly  stretched,  and  thus  makes  the  needle 
always  take  a  position  corresponding  to  the  shape  of  the  box  at  the 
time.  The  graduation  is  performed  empirically  by  comparison  with 
a  mercurial  barometer.  The  aneroid  barometer  is  very  sensitive,  and 
is  much  more  portable  than  any  form  of  mercurial  barometer,  being 
both  lighter  and  less  liable  to  injury.  It  is  sometimes  made  small 
enough  for  the  waistcoat  pocket  It  has  the  drawback  of  being 
affected  by  temperature  to  an  extent  which  must  be  determined  for 
each  instrument  separately,  and  of  being  liable  to  gradual  changes 
which  can  only  be  checked  by  occasional  comparison  with  a  good 
mercurial  barometer. 

In  the  metallic  barometer,  which  is  a  modification  of  the  aneroid, 
the  exhausted  box  is  crescent-shaped,  and  the  horns  of  the  crescent 
separate  or  approach  according  as  the  external  pressure  diminishes 
or  increases. 

110.  Old  Forms  Revived. — ^There  are  two  ingenious  modifications  of 
the  form  of  the  barometer,  which,  after  long  neglect,  have  recently 
been  revived  for  special  purposes. 

Counterpoised  Barometer, — The  invention  of  this  instrument  is 
attributed  to  Samuel  Morland,  who  constructed  it  about  the  year 
1680.  It  depends  upon  the  following  principle: — If  the  barometric 
tube  is  suspended  from  one  of  the  scales  of  a  balance,  there  will  be 
required  to  balance  it  in  the  other  scale  a  weight  equal  to  the  weight 
of  the  tube  and  the  mercury  contained  in  it,  minus  the  upward 
pressure  of  the  liquid  against  the  bottom  of  the  tube  and  its  contenta^ 

^  It  may  be  shown  that  if  a  be  the  (annular)  area  of  a  section  of  the  tube  itself,  and  A 
the  area  of  the  inclosed  space  (which  is  filled  with  mercury),  the  resultant  force  to  which 
the  tube  is  subjected  from  atmospheric  and  liquid  pressure  combined  is  a  downwaid  force 
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If  the  atmoepbenc  pressure  increasea,  the"  mercury  will  rise  in  the 
tube,  and  consequently  the  weight  of  the  floating  body  will  increase, 
while  the  upward  pressure  will  be  slightly  diminished  on  account  of 
the  sinidng  of  the  mer- 
CDiy  in  the  cistern.  The 
beam  will  thus  incline 
to  tbe  side  of  the  baro- 
metric tube,  and  the 
reverse  would  be  the 
case  if  the  pressure  dim- 
inished. For  the  balance 
ouy  be  substituted,  as 
in  the  figure,  a  lever 
carrying  a  countcq>oise ; 
the  variations  of  pres- 
sure will  be  indicated 
by  the  movements  of 
this  lever. 

Such  an  instrument 
may  veiy  well  be  used 
as  a  barograph  or  re- 
cording barometer;  for 
this  purpose  we  have 
only  to  attach   to   the 

lever  an   arm    with   a  rtg.  m.— connioiidMd  BunmaMr. 

pencil,  which  is  con- 
stantly in  contact  with  a  Blieet  of  paper  moved  uniformly  by  clock- 
work. The  result  will  be  a  continuous  trace,  whose  form  corresponds 
to  the  variations  of  pressure.  It  is  very  easy  to  determine,  either  by 
calculation  or  by  comparison  with  a  standard  barometer,  the  pres- 
sure corresponding  to  a  given  position  of  the  pencil  on  the  paper; 

?  denotiiig  ■tmnpheric  prenura,  uid  p  the  fluid  prenure  due  to  ths  depth  of  immendoa 
(ocluBTe  of  tbe  tiaiunutted  Atmoepheric  preuure).  Tiat  reaultuit  force  together  with  the 
■Hghl  of  tbe  tube  mmt  be  equal  to  the  sapporting  foice  at  the  point  of  luspenaion.  If  the 
laUabecoii>tuit,PA-pamnat  beooiutuit,  and  thecbkagei  in  Fuid  p  nmet  be  invenelj 
» tbe  ireu  A  aod  a.  It  (ben  u«u  are  equal  P  and  p  will  be  equal;  that  it,  the  tube  will 
■Iwmd  throDgh  the  same  dutaoos  aa  the  merciu;  in  a  common  buromeler  would  rise ;  and 
if  A  ii  greater  than  a,  tbe  moreiaent  will  be  proportiooatelj  mogciSed.  For  gnat  senii- 
tavoiaa,  tbentoie,  the  tube  should  be  lai^  and  thin. 

We  have  here  neglected  tbe  changes  of  IstgI  in  the  mercury  in  which  the  tube  ii  im- 
Mned.  llieHe  cbangei  tend  to  increan  the  distance  moved  by  the  tube,  and  muit  be 
>dded  to  the  morementa  as  above  calcalated. 
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thu8,  if  the  paper  is  ruled  with  twenty-four  equidistant  lines,  corre- 
sponding to  the  twenty-four  hours  of  the  day,  we  can  see  at  a  glance 
what  was  the  pressure  at  any  given  time.  An  arrangement  of  this 
kind  has  been  adopted  by  the  Abb^  Secchi  for  the  meteorograph  of 
the  observatory  at  Rome.  The  first  successful  employment  of  this 
kind  of  barograph  appears  to  be  due  to  Mr.  Alfred  King,  a  gas 
engineer  of  Liverpool,  who  invented  and  constructed  such  an  instru- 
ment in  1S53,  for  the  use  of  the  Liverpool  Observatory,  and  subse- 
quently designed  a  larger  one,  which  is  still  in  use,  furnishing  a  very 
perfect  record,  msgnified  five-and-a-half  times. 

Fahrenheit's  Barometer. — Fahrenheit's  barometer  consists  of  a  tube 
bent  several  times,  the  lower  portions  of 
which  contain  mercury;  the  upper  por- 
tions are  filled  with  water,  or  any  other 
liquid,  usually  coloured.  It  is  evident 
that  the  atmospheric  pressure  is  balanced 
by  the  sum  of  the  differences  of  level  of 
the  columns  of  mercury,  dimiuisbed  by 
the  sum  of  the  corresponding  differences 
for  the  columns  of  water;  whence  it  fol- 
lows that,  by  employing  a  considerable 
number  of  tubes,  we  may  greatly  reduce 
the   height  of  the   barometric  column. 

vi„  1.1    p.1.™^..,.  ■> ,         This  circumstance  renders   the   instm- 

ment  interesting  as  a  scientific  curiosity, 
but  at  the  same  time  diminishes  its  sensitiveness,  and  renders  it  unfit 
for  purposes  of  precision.  It  is  therefore  never  used  for  the  measure- 
ment of  atmospheric  pressure;  but  an  instrument  upon  the  same 
principle  has  recently  been  employed  for  the  measurement  of  very 
high  pressures,  as  will  be  explained  in  Chap.  xiv. 

110a.  Fhoto^aphio  BegiBtration. — Since  the  year  1847  various 
meteorological  instruments  at  the  Royal  Observatory,  Greenwich, 
have  been  made  to  yield  continuous  traces  of  their  indications  by  the 
aid  of  photography,  and  the  method  is  now  generally  employed  at 
meteorological  observatories  in  this  country.  The  Greenwich  system 
is  fully  described  in  the  Greenvnch  Magnetical  and  Meteorological 
Obeervatione  for  1847,  pp.  Ixiii.-xc.  (published  in  1849). 

llie  general  principle  adopted  for  all  the  instruments  is  the  same. 
The  photographic  paper  is  wrapped  round  a  glass  cylinder,  and  the 
axis  of  the  cylinder  is  made  parallel  to  the  direction  of  the  move- 
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meni  which  is  to  be  registered  The  cylinder  is  turned  by  clockwork, 
with  uniform  velocity.  The  spot  of  light  (for  the  magnets  and 
barometer),  or  the  boundary  of  the  line  of  light  (for  the  thermometers), 
moves,  with  the  movements  which  are  to  be  registered,  backwards 
and  forwards  in  the  direction  of  the  axis  of  the  cylinder,  while  tlie 
cylinder  itself  is  turned  round  Consequently  (as  in  Morin's  machine. 
Chap,  v.),  when  the  paper  is  unwrapped  from  its  cylindrical  form, 
there  is  traced  upon  it  a  curve  of  which  the  abscissa  ia  proportional 
to  the  time,  while  the  ordinate  is  proportional  to  the  movement  which 
is  the  subject  of  measure. 

The  barometer  employed  in  connection  with  this  system  is  a  large 
siphon  barometer,  the  bore  of  the  upper  and  lower  extremities  of  its 
arms  being  about  1*1  inch.  A  glass  float  in  the  quicksilver  of  the 
lower  extre];nity  is  partially  supported  by  a  counterpoise  acting  on  a 
light  lever  (which  turns  on  delicate  pivots),  so  that  the  wire  support- 
ing the  float  is  constantly  stretched,  leaving  a  definite  part  of  the 
weight  of  the  float  to  be  supported  by  the  quicksilver.  This  lever  is 
lengthened  to  carry  a  vertical  plate  of  opaque  mica  with  a  small  aper- 
ture, whose  distance  from  the  fulcrum  is  eight  tiroes  the  distance  of 
the  point  of  attachment  of  the  float-wire,  and  whose  movement, 
therefore  (§  108),  is  four  times  the  movement  of  the  column  of  a  cistern 
barometer.  Through  this  hole  the  light  of  a  lamp,  collected  by  a 
cylindrical  l^ns,  shines  upon  the  photographic  paper. 

Eveiy  part  of  the  cylinder,  except  that  on  which  the  spot  of  light 
falls,  is  covered  with  a  case  of  blackened  zinc,  having  a  slit  parallel 
to  the  axis  of  the  cylinder;  and  by  means  of  a  second  lamp  shining 
through  a  small  fixed  aperture,  and  a  second  cylindrical  lens,  a  base 
Une  is  traced  upon  the  paper,  which  serves  for  reference  in  subsequent 
measurements. 

The  whole  apparatus,  or  any  other  apparatus  which  serves  to  give 
a  continuous  trace  of  barometric  indications,  is  called  a  barograph; 
and  the  names  thermograph,  magnetograph,  anemograph,  fee,  are 
similarly  applied  to  other  instruments  for  automatic  registration. 

U 
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VARIATIONS  OF  THE  BAJtOMETEB. 


111.  Heasorement  of  Heights  by  the  Barometer. — As  the  height  of 
the  barometric  column  diminishes  when  we  ascend  in  the  atmosphere, 
it  is  natural  to  seek  in  this  phenomenon  a  means  of  measuring  heights. 
The  problem  would  be  extremely  simple,  if  the  air  had  everywhere 
the  same  density  as  at  the  surface  of  the  earth.  In  fact,  the  density 
of  the  air  at  sea-level  being  about  10,500  times  less  than  that  of 
mercury,  it  follows  that,  on  the  hypothesis  of  uniform  density,  the 
mercurial  column  would  fall  an  inch  for  every  10,500  inches,  or  875 
feet,  that  we  ascend.  This  result,  however,  is  far  from  being  in 
exact  accordance  with  fact,  inasmuch  as  the  density  of  the  air 
diminishes  very  rapidly  as  we  ascend,  on  account  of  its  great  com- 
pressibility. 

HI  A.  Height  of  HomogeneouB  AtmoBphere. — If  the  atmosphere  were 
of  uniform  and  constant  density,  its  height  would  be  approximately 
obtained  by  multiplying  30  inches  by  10,500,  which  gives  26,250 
feet,  or  about  5  milea 

More  accurately,  if  we  denote  by  H  the  height  of  the  atmosphere 
at  a  given  time  and  place,  on  the  assumption  that  the  density 
throughout  is  the  same  as  the  observed  density  D  at  the  base,  and  if 
we  denote  by  P  the  observed  pressure  at  the  base,  expressed  in 
absolute  units  of  force  per  unit  area  (§  107,  6),  then  since  the 
pressure  P  must  be  equal  to  the  weight  of  a  column  of  volume  H  and 
of  mass  HD,  we  have 

P  =  ^  HD      H  =  J^  <^> 

The  height  H,  computed  on  this  imaginary  assumption,  is  called  the 
height  of  the  homogeneous  atmosphere,  corresponding  to  the  pressure 
P,  density  D,  and  intensity  of  gravity  g,  and  is  frequently  introduced 
in  physical  formulae. 
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The  expression  for  H  shows  that  its  value  is  not  affected  if  P  and 
D  vary  in  the  same  ratio,  as  is  the  case  in  barometric  fluctuations 
when  the  temperature  is  constant ;  but  that  increase  of  tempei-ature 
and  increase  of  moisture  increase  H,  since  warm  air  and  moist  air  are 
less  dense  than  cold  and  dry  air  at  the  same  pressure. 

It  is  not  necessary  that  the  height  H  should  be  reckoned  from  the 
surface  of  the  eartk'  It  may  be  reckoned  upwards  from  any  point  in 
the  atmosphere,  and' denotes  the  height  which  the  air  above  this  point 
would  have,  if  reduced  to  the  density  D  which  exists  at  the  point. 

Neglecting  differences  of  temperature  and  moisture,  and  the  trifling 
diminution  of  gravity  as  we  ascend,  the  value  of  H  is  the  same  for 
all  points  in  the  same  vertical  column,  because,  as  we  ascend,  P  and  D 
duninish  in  the  same  ratio. 

112.  Principles  of  Hypsometry. — Supposing  the  temperature,  mois- 
ture, and  intensity  of  gravity  to  be  uniform  in 
a  vertical  column  of  air,  it  is  easy  to  state  the 
law  according  to  which  the  pressure  would  d' 

diminish  as  we  ascend.  Consider,  for  example, 
three  layers  of  equal  thickness,  which  is  so 
small  that  we  may  regard  the  density  as  con- 
stant within  the  limits  of  each  layer,  though 
varying  from  each  layer  to  the  next.  Let 
D,  D;  D'  be  their  densities,  and  P,  F,  F'  the 
pressures  at  their  lower  faces,  the  weights  of  — 
the  two  lower  layers  are  P— F  and  F— F',  '*' 

and  these  must  be  proportional  to  their  densities;  hence  we  have 

P'  -  F*     jy* 

DP  P  —  P*     P 

hut  by  Boyle's  law  p^^'p;  consequently  we  have  pr^pi/=p>>  whence 
it  easily  follows  that  ■^=^;  that  is  to  say,  the  ratio  of  the  density  of 

tlie  first  layer  to  that  of  the  second,  is  the  same  as  of  the  second  to 
the  third.  Applying  this  principle  to  any  number  of  consecutive 
layers  of  equal  thickness,  we  see  that  the  ratio  of  the  density  of  each 
to  that  of  the  next  will  be  the  same  for  the  whole  series.  It  follows 
that^  as  the  heights  increase  in  arithmetical  progression,  the  pres- 
orts di/minish  in  geometrical  jyrogression. 
This  proposition  may  be  put  into  the  algebraical  form: 

ar,-«,=Hlog^, 
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where  a?i,  x^  are  the  heights  of  two  stations  above  a  fixed  level, 
Pi,  P2  the  pressures  at  the  two  stations,  and  H  some  constant  The 
proof  given  in  the  note^  shows,  that  if  the  logarithms  are  Napierian, 
H  is  equal  to  the  height  of  the  homogeneous  atmosphere.  If  the 
logarithms  be  of  the  common  kind,  H  is  equal  to  the  height  of  the 
homogeneous  atmosphere  multiplied  by  23026,  the  value  of  which 
product  for  the  latitude  of  Great  Britain,  and  for  the  temperature  of 
freezing  water,  is  about  60,360  feet. 

This  formula  has  been  deduced  on  the  supposition  that  the  tem- 
perature and  the  intensity  of  gravity  are  uniform  through  the  whole 
extent  of  the  air  between  the  two  stations.  If  these  two  elements 
vary,  they  cause  the  value  of  H  to  vary;  and  it  would  be  necessary 
for  accuracy  to  employ  in  the  formula  the  mean  value  of  H  for  the 
stratum  of  air  which  intervenes  between  the  two  stations.  The 
variation  in  the  intensity  of  gravity  is  usually  insignificant,  and  it  is 
customary  to  assume  as  the  mean  temperature,  the  arithmetical  mean 
of  the  temperatures  ^1  and  t^  of  the  two  stations.  On  these  assump- 
tions the  value  of  H,  if  the  temperatures  be  expressed  in  degrees 
Fahrenheit,  will  (by  the  law  of  expansion  of  air.  Chap,  xxiii.)  be 

60,360  (1  +  ^''^ll'^^% 

T> 

It  is  proved  in  treatises  on  logarithms  that  if  p^  be  but  little 
greater  than  unity, 

Nap.  log  1^  =  2  ^i^«  nearly; 

and  since  the  height  of  the  homogeneous  atmosphere  at  freezing 
temperature  in  these  latitudes  is  about  26,214  feet,  we  obtain  the 
formula — 

Difference  of  level  in  feet  =  62428  p^- p'  (l  +  ^^^^)» 

which  may  be  used  for  differences  of  level  not  exceeding  about  3000 
feet. 

^  Let  X  denote  distance  measured  upwards  from  a  fixed  level,  then,  using  the  notation 
of  §  1 11  A,  the  pressure  due  to  the  weight  of  a  layer  of  thickness  dxis  g  D  dx;  but  this  is  the 
amount  by  which  the  pressure  diminishes  as  x  is  increased  by  the  amount  dx;  we  have 
therefore 

JU. 
p 
nooe  by  §  111a,   g  D  =  —,       We  have  therefore 

rl 

p-  =  H'  whence  log  P^  -  log  P,  «  -g-— • 
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The  determination  of  heights  by  means  of  atmospheric  pressure, 
whether  the  pressure  be  observed  directly  by  the  barometer  or  in- 
directly by  the  boiling-point  thermometer  (see  Chap,  xxvi.),  is 
called  hypaometry  {v\poQ,  height). 

As^a  rough  rule,  it  may  be  stated  that,  in  ordinary  circumstances, 
the  barometer  falls  an  inch  in  ascending  900  feet. 

113.  Diurnal  Oscillation  of  the  Barometer. — In  these  latitudes,  the 
mercurial  column  is  in  a  continual  state  of  irregular  oscillation ;  but  in 
the  tropics  it  rises  and  falls  with  great  regularity  according  to  the 
hour  of  the  day,  attaining  two  maxima  in  the  twenty-four  hours. 

It  generally  rises  from  4  A.M.  to  10  A.M.,  when  it  attains  its  first 
maximum;  it  then  falls  till  4  P M.,  when  it. attains  its  first  minimum; 
a  second  maximum  is  observed  at  10  P.M.,  and  a  second  minimum  at 
4  A.M.  The  hours  of  maxima  and  minima  ai'e  called  the  tropical 
liours  (rpiTta,  to  tum),  and  vary  a  little  with  the  season  of  the  year. 
The  difference  between  the  highest  maximum  and  lowest  minimum 
is  called  the  diurnal^  range,  and  the  half  of  this  is  called  the  ampli- 
tude of  the  diurnal  oscillation.  The  amount  of  the  former  does  not 
exceed  about  a  tenth  of  an  inch. 

The  character  of  this  diurnal  oscillation  is  represented  in  Fig.  123. 
The  vertical  lines  correspond  to  the  hours  of  the  day ;  lengths  have 
been  measured  upwards  upon  them  proportional  to  the  barometric 
heights  at  the  respective  hours,  diminished  by  a  constant  quantity; 
and  the  points  thus  determined  have  been  connected  by  a  continuous 
curve.  It  will  be  observed  that  the  two  lower  curves,  one  of  which 
relates  to  Cumana,  a  town  of  Venezuela,  situated  in  about  10""  north 
latitude,  show  strongly  marked  oscillations  corresponding  to  the 
maxima  and  minima.  In  our  own  country  the  regular  diurnal  oscil- 
lation is  marked  by  iri'egular  fluctuations,  so  that  a  single  day's 
observations  give  no  clue  to  its  existence.  Nevertheless,  on  taking 
observations  at  regular  hours  for  a  number  of  consecutive  days,  and 
comparing  the  mean  heights  for  the  different  hours,  some  indications 
of  the  law  will  be  found.     A  month's  observations  will  be  sufficient 

^  The  epithets  annual  and  diurnal,  when  prefixed  to  the  words  variation,  range,  ampli- 
trndCy  denote  the  period  of  the  yariation  in  question;  that  is,  the  time  of  a  complete  osoilla- ' 
tion.  IHumal  variation  does  not  denote  variation  from  one  day  to  another,  but  the  varia- 
tion which  goes  through  its  cycle  of  values  in  one  day  of  twenty- four  hours.  Annual 
range  denotes  the  range  that  occurs  within  a  year.  This  rule  is  universally  observed  by 
writers  of  high  scientifio  authority. 

A  table,  exhibiting  the  values  of  an  element  for  each  month  in  the  year,  is  a  table  of 
aannal  (not  monthly)  variation ;  or  it  may  be  more  particularly  described  as  a  table  of 
TuiatioiiB  ^m  month  to  month. 
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Pig.  123. 
OuiTM  of  Diamal  Vuriation. 


for  an  approximate  indication  of  the  law ;  but  observations,  extend- 
ing over  some  years,  will  be  required  to  establish  with  anything  like 

precision  the  hours  of  maxima  and  the  ampli- 
tude of  the  oscillation. 

The  two  upper  curves  represent  the  diurnal 
variation  of  the  barometer  at  Padua  (lat.  45°  24') 
and  Abo  (lat.  60°  56'),  the  data  having  been 
extracted  from  Eaemtz's  Meteorology,  We 
see,  by  inspection  of  the  figure,  that  the  oscil- 
lation in  question  becomes  less  strongly  marked 
0  12  15  18  21  24  as  the  latitude  increases.     The  range  at  Abo  is 

less  than  half  a  millimetre.  At  about  the  70th 
degree  of  north  latitude  it  becomes  insensible; 
and  in  approaching  still  nearer  to  the  pole,  it  appears  from  observa- 
tions, which  however  need  further  confirmation,  that  the  oscillation 
is  reversed ;  that  is  to  say,  that  the  maxima  here  are  contemporane- 
ous with  the  minima  in  lower  latitudes. 

There  can  be  little  doubt  that  the  diurnal  oscillation  of  the 
barometer  is  in  some  way  attributable  to  the  heat  received  from  the 
sun,  which  produces  expansion  of  the  air,  both  directly,  as  a  mere 
consequence  of  heating,  and  indirectly,  by  promoting  evaporation, 
and  thus  increasing  the  volume  of  the  air  (as  well  as  diminishing  its 
sp.  gravity)  by  the  addition  of  aqueous  vapour.  The  precise  nature 
of  the  connection  between  this  cause  and  the  diurnal  barometric 
oscillation  has  not,  however,  as  yet  been  satisfactorily  established 

114.  Irregular  Variations  of  the  Barometer.— The  height  of  the  baro- 
meter, at  least  in  the  temperate  zones,  depends  on  the  state  of  the 
atmosphere,  and  its  variations  often  serve  to  predict  the  changes  of 
weather  with  more  or  less  certainty.  In  this  country  the  barometer 
generally  falls  for  rain  or  S.W.  wind,  and  rises  for  fine  weather  or 
N.E.  wind. 

Barometers  for  popular  use  have  generally  the  words — 


Set  fair. 

Fair. 

Change. 

Bain. 

Much  rain. 

Stormy. 

30-5 

30 

29*5 

29 

28-5 

28  inches. 

marked  at  the  respective  heights.  These  words  must  not,  however, 
be  understood  as  absolute  predictions.  A  low  barometer  rising  is 
generally  a  sign  of  fine,  and  a  high  barometer  falling  of  wet  weather. 
Moreover,  it  is  to  be  borne  in  mind  that  the  barometer  stands  about 
a  tenth  of  an  inch  lower  for  every  hundred  feet  that  we  ascend  above 
sea-level. 


BABOMETEB  AND  THERMOMJETEB. 
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The  connection  between  a  low  or  falling  barometer  and  wet  wea- 
ther is  to  be  found  in  the  fact  that  moist  air  is  specifically  lighter 
than  dry,  even  at  the  same  temperature,  and  still  more  when,  as 
usually  happens,  moist  air  is  warmer  than  dry. 

lis.  iBYerse  March  of  Barometer  and  Thermometer. — It  is  impossible 
to  lay  down  universal  rules  for  the  connection  between  the  indications  of 
the  barometer  and  the  state  of  the  weather,  since  rules  which  would 
usually  hold  true  in  one  place  might  be  quite  inapplicable  at  another. 
We  may,  however,  state  a  principle  which  is  of  very  extensive  applica- 
tion, namely,  that  warm  winds,  especially  when  they  have  passed  over 
considerable  masses  of  water,  are  likely  to  be  accompanied  by  rain ; 
for  they  are  charged  with  vapour  which  is  liable  to  be  condensed  as 
its  temperature  falla  Cold  winds,  on  the  contrary,  .contain  vapour 
which  was  taken  up  at  a  lower  temperature  than  it  now  has,  and  is 
therefore  far  from  a  state  of  saturation.  They  are  therefore  unlikely 
to  produce  rain  unless  it  be  when  they  first  begin  to  blow,  when  they 
may  condense  vapour  previously  existing  in  the  air. 

These  characteristics  are  very  marked  in  our  own  country,  where 
the  warm  winds  fi:om  the  south-west  have  passed  over  the  Atlantic, 
while  the  cold  winds  from  the  north-east  have  for  the  most  part 
traversed  dry  land. 

Again,  the  march  of  the  barometer  is  in  general  opposite  to  that 
of  the  thermometer;  that  is  to  say,  the  barometer  usvxilly  falla  when 
the  thermometer  rises,  and  vice  versd.  This  law  is  one  of  the  most 
general  in  meteorology,  and  is  easily  explained;  in  fact,  when  the 
temperature  rises  at  any  place,  it  pro- 
duces a  dilatation  of  the  air,  and  conse- 
quently an  overflow  into  neighbouring 
regions ;  the  weight  of  air  over  the  place 
is  thus  diminished.  On  the  contrary,  a 
fall  of  temperature  produces  an  inflow 
of  air  and  an  increase  of  pressure. 

It  is  therefore  to  be  expected  that 
tiie  mean  barometric  height  should  be 
lower  during  warm  and  rainy  winds 
than  during  cold  and  dry  winds ;  and 
that  this  is  the  case  is  rendered  ex- 
tremely evident  by  the  annexed  figure,  which  represents  the  mean 
barometric  rose  of  the  winds  at  Paria  Upon  each  of  the  eight  lines 
which  represent  the  principal  directions  of  the  wind,  have  been  laid 


Pig.  124. 
Banneiiio  Bom  of  Windi  at  Paris. 
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off  lengths  proportional  to  the  corresponding  barometric  pressures 
diminished  by  a  constant  The  figure  shows  a  very  sudden  increase 
in  passing  from  S.W.  to  W.  It  is,  in  fact,  during  the  change  of  the 
wind  from  one  of  these  quarters  to  the  other,  that  the  greatest  atmo- 
spheric perturbations  occur. 

116.  Synoptic  Weather  Charts.     Isobaric  Lines. — The  extension  of 
telegraphic  communication  over  Europe  has  led  to  the  establishment 
of  a  system  of  correspondence  by  which  the  barometric  pressures,  at  a 
given  moment,  at  a  number  of  stations  which  have  been  selected  for 
meteorological  observation,  are  known  at  one  or  more  stations  ap- 
pointed for  receiving  the  reports.     From  the  information  thus  fur- 
nished, curves  (called  isobaric  lines)  are  drawn  upon  a  chart  through 
those  places  at  which  the  pressure  is  the  same.     The  barometric 
condition  of  an  extensive  region  is  thus  rendered  intelligible  at  a 
glance.     Plate  I.  is  a  specimen  of  these  synoptic  charts,^  which  are 
prepared  every  day  at  the  observatory  of  Paris;  it  refers  to  the  22d 
of  January,  1 868.     Besides  the  isobaric  lines,  these  charts  indicate, 
by  the  system  of  notation  explained  at  the  left  of  the  figure,  the 
general  state  of  the  weather,  the  strength  of  wind,  and  state  of  the 
sea.     The  isobaric  curves  correspond  to  differences  of  five  millimetres 
(about  0*2  inch)  of  pressure,  and  according  as  they  are  near  together, 
or  far  apart,  the  variation  of  pressure  in  passing  from  one  to  another 
is  more  or  less  sudden  (or  to  use  a  very  expressive  modern  phrase, 
the  barometric  gradient  is  more  or  less  steep),  just  as  the  contour 
lines  on  a  map  of  hilly  ground  approach  each  other  most  nearly 
where  the  ground  is  steepest.     Generally  speaking,  the  wind  blo^vs 
from  regions  of  high  to  legions  of  low  barometer,  and  with  greater 
force  as  the  barometric  gradient  is  steeper. 

The  isobaric  lines  frequently,  as  in  the  example  here  selected,  form 
closed  curves  encircling  a  region  of  barometric  depression.  Two  such 
centres  are  here  exhibited — one  in  the  south  of  England  and  the 
other  in  the  west  of  Russia.  Such  centres  of  depression  always 
accompany  great  atmospheric  disturbances.     The  air,  in  fact,  rushes 

^  The  curves  drawn  upon  this  chart  are  isobaric  lines,  each  corresponding  to  a  particular 
barometric  pressure,  which  is  indicated  by  the  numerals  marked  against  it.  These  denote 
the  pressure  in  millimetres  diminished  by  700.  For  example,  the  line  which  passes  through 
the  south  of  Spain  corresponds  to  the  pressure  770  millimetres ;  that  through  the  north  of 
Spun  to  765  millimetres.  The  curves  are  drawn  for  every  fifth  millimetre.  The  smaller 
numerals,  which  are  given  to  one  place  of  decimals,  indicate  the  pressures  actually  observed 
at  the  different  stations,  from  which  the  isobaric  lines  are  drawn  by  estimation. 

The  other  symbols  refer  to  cloud,  wind,  and  sea^  and  are  explained  at  the  left  of  the 
ohart. 
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in  from  all  sides,  usually  with  a  spiral  motion,  towards  these  centres 
of  depression,  the  direction  of  rotation  in  the  spiral  being,  for  the 
northern  hemisphere,  opposite  to  the  motion  of  the  hands  of  a  watch 
with  its  face  upwards.  The  centrifugal  force  due  to  this  rotation 
tends  to  increase  the  central  depression,  and  thus  protracts  the  dursr 
tion  of  the  phenomenon. 

These  revolving  storms  are  called  cydonea  They  attain  their 
greatest  violence  in  tropical  regions,  the  West  Indies  being  especially 
noted  for  their  destructive  effect.  They  frequently  proceed  from  the 
Gulf  of  Mexico  in  a  north-easterly  direction,  increasing  in  diameter 
as  they  proceed,  but  diminishing  in  violence.  Their  velocity  of 
translation  is  usually  from  ten  to  twenty  miles  an  hour. 

The  storm-warnings  iuaugurated  by  the  late  Admiral  Fitzroy  are 
based  partly  upon  information  received  by  telegraph  of  storms  that 
have  actually  commenced  at  some  distant  locality,  and  partly  upon 
a  comparison  of  barometric  pressures  at  different  localities.^ 

^  For  fuller  informatioii  respecting  the  laws  of  storms,  which  is  a  purely  modem  subject, 
and  is  continually  receiving  fresh  developments,  we  would  refer  to  Mr.  Buchan*s  Bandy 
Book  of  Meteorology,    See  also  §  406  a  in  Part  II.  of  the  present  Work. 

It  wiU  be  observed,  by  the  arrows  in  the  annexed  chart,  that  the  direction  of  the  wind, 
instead  of  being  coincident  with  the  line  of  steepest  descent  from  each  isobaric  curve  to 
the  next  below  it,  generally  makes  a  large  angle  (oonsiderably  exceeding  45°)  to  the  right 
of  it.  This  law  (known  as  Buys  Ballot's)  is  general  for  the  northern  hemisphere,  and  is 
dependent  on  the  earth's  rotation  (§  406  a).  The  influence  of  the  earth's  rotation  in 
modifying  the  direction  of  winds,  is  discussed  in  a  paper  "On  the  General  Circulation  and 
Distribution  of  the  Atmosphere,"  by  the  Editor  of  this  Work,  in  the  Philosopkieal 
Magazine  for  September,  1871. 
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boyle's  (or  mariotte's)  law.^ 


117.  Boyle's  Law. — As  gases  are  composed  of  molecules  in  a  state 
of  permanent  repulsion,  they  may  be  compared  to  springs  constantly 
bent,  and  making  constant  efforts  to  free  themselves.  The  amount 
of  pressure  which  they  exert  against  the  sides  of  the  vessels  which 
contain  them,  depends  upon  the  volume  which  they  occupy,  increasing 
as  this  volume  diminishes.  By  a  number  of  careful  experiments 
upon  this  point,  Boyle  and  Mariotte  independently  established  the 
law  that  this  volume  varies  inversely  as  the  pressure,  provided  that 
the  temperature  remain  constant.  As  the  density  evidently  vari&s 
inversely  as  the  volume,  we  may  express  the  law  in  other  words  by 
saying  that  at  the  same  temperature  the  density  varies  directly  as 
the  pressure. 

If  V  and  V  be  the  volumes  of  the  same  quantity  of  gas,  P  and  K, 
D  and  D',  the  corresponding  pressures  and  densities,  Boyle's  law  will 
be  expressed  by  the  equations 

V    P'    ly 

118.  Mariotte's  Tube. — The  correctness  of  this  law  may  be  verified 
by  means  of  the  following  apparatus,  which  was  employed  by  both 
the  experimenters  above  named.  It  consists  (Fig.  125)  of  a  bent 
tube  with  branches  of  unequal  length;  the  long  branch  is  open,  and  the 

^  Boyle,  in  his  Defence  of  the  DoctHne  touching  the  Spring  and  Weight  of  the  Air  against 
the  Objections  of  Francitcus  Linus,  appended  to  New  ExperimentSf  Physico  mechanical,  &c. 
(second  edition,  4 to,  Oxford,  1662),  describes  the  two  kinds  of  apparatus  represented  in 
Figs.  125,  ]  26  80  having  been  employed  by  him,  and  gives  in  tabular  form  the  lengths  of 
tube  occupied  by  a  body  of  air  at  various  pressures.  These  observed  lengths  he  compares 
with  the  theoretical  lengths  computed  on  the  assumption  that  volume  varies  reciprocaUy 
as  pressure,  and  points  out  that  they  agree  within  the  limits  of  experimental  error. 

Mariotte's  treatise,  De  la  Nature  ds  VA  ir,  is  stated  in  the  Biographic  UniverMe  to  have 
been  published  in  1679.     (See  Preface  to  Tait's  Thermodynamics^  p.  iv.) 
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abort  branch  dosed.  The  tube  is  lastened  to  a  board  provided  with 
two  scales;  one  by  the  side  of  the  long  branch,  divided  into  parts  of 
eqnal  length ;  the  other  by  the  side  of  the  short 
branch,  having  divisions  which  correspond  io  parts 
of  equal  volume.  The  graduation  of  both  scales 
be^ns  from  the  same  horizontal  line  through  0,  0. 
Mercury  is  first  poured  in  at  the  extremity  of  the 
long  branch,  and  by  inclining  the  apparatus  to  either 
side,  and  cautiously  adding  more  of  the  liquid  if  re- 
quired, the  mercury  can  be  made  to  stand  at  the 
same  level  in  both  branches,  and  at  the  zero  of  both 
scales.  Thus  we  have,  in  the  short  branch,  a  quan- 
tity of  air  separated  from  the  external  air,  and  at 
the  same  pressure.  Mercury  is  then  poured  into  the 
long  branch,  so  as  to  reduce  the  volume  of  this  in- 
closed air  by  one-half;  it  will  then  be  found  that 
ttie  difference  of  level  of  the  mercury  in  the  two 
branches  is  equal  to  the  height  of  the  barometer  at 
the  time  of  the  experiment;  the  compressed  air 
therefore  exerts  a  pressure  equal  to  that  of  two 
atmospheres.  If  more  mercury  be  poured  in  so  as 
to  reduce  the  volume  of  the  air  to  one-third  or  one- 
fourth  of  the  original  volume,  it  will  be  found  that 
the  difference  of  level  is  respectively  two  or  three 
timea  the  height  of  the  barometer;  that  is,  that  the 
compressed  air  exerts  a  pressure  equal  respectively 
to  that  of  three  or  four  atmospheres.  This  experi- 
ment  therefore  shows  tliat  if  the  volume  of  the  gas 
becomes  two,  three,  four  times  as  small,  the  pressure  . 

becomes  two,  three,  four  times  as  great    This  is  the        M«iom.Tub.. 
principle  expressed  in  Boyle's  law. 

The  law  may  also  be  verified  in  the  case  where  the  gaa  expands, 
and  where  its  pressure  consequently  diminishes.  For  this  purpose  a 
harometnc  tube  (Fig.  1 26),  partially  filled  witli  mercury,  is  inverted  in 
a  tall  vessel,  containing  mercury  also,  and  is  held  in  such  a  position 
that  the  level  of  the  liquid  is  the  same  in  the  tube  and  in  the  vessel. 
The  volume  occupied  by  the  gas  is  marked,  and  the  tube  is  raised; 
the  gas  expands,  its  pressure  diminishes,  and,  in  virtue  of  the  excess 
of  the  atmospheric  pressure,  a  column  of  mercury  ab  rises  in  the 
tube,  ao  that  its  height,  added  to  the  pressure  of  the  expanded  air,  is 
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equal  to  the  atmospheric  pressure.     It  will  then  be  seen  that  if  the 
volume  of  air  becomes  double  what  it  was  before,  the  height  of  the 

column  raised  is  one-half  that  of  the  barometer; 
that  is,  the  expanded  air  exeits  a  pressure  equal 
to  half  that  of  the  atmosphere.     If  the  volume  is 
trebled,  the  height  of  the  column  is  two-thirds 
that  of  the  barometer ;  that  is,  the  pressure  of  the 
expanded  air  is  one-third  that  of  the  atmosphere, 
a  result  which  is  in  accordance  with  Boyle's  law. 
119.  Despretz's  Experiments. — ^The  simplicity  of 
Boyle's  law,  taken  in  conjunction  with  its  appar- 
ent agreement  with  facts,  led  to  its  general  accep- 
tance as  a  rigorous  truth  of  nature,  until  in  1825 
Despretz  published  an  account  of  experiments, 
showing  that  different  gases  are  unequally  com- 
pressible.    He  inverted  in  a  cistern  of  mercury 
several  cylindrical  tubes  of  equal  height,  and  tilled 
them  with  different  gases.     The  whole  apparatus 
was  then  inclosed  in  a  strong  glass  vessel  filled 
with  water,  and   having  a  screw -piston  as  in 
(Ersted*s  piesometer  (§  22).     On  pressure  being 
applied,  the  mercury  rose  to  unequal  heights  in 
the  different  tubes,  carbonic  acid  for  example 
being  more  reduced  in  volume  than  air.     These 
experiments  proved  that  though  Boyle's  law  might  possibly  be  true 
for  one  of  the  gases  employed,  it  could  not  be  rigorously  true  for 
more  than  one. 

In  1829  Dulong  and  Arago  undertook  a  laborious  series  of  experi- 
ments with  the  view  of  testing  the  accuracy  of  the  law  as  applied  to 
air;  and  the  results  which  they  obtained,  even  when  the  pressure  was 
increased  to  twenty-seven  atmospheres,  agreed  so  nearly  with  it  as 
to  confirm  them  in  the  conviction  that,  for  air  at  least,  it  was  rigor- 
ously true.  When  re-examined,  in  the  light  of  later  researches,  the 
results  obtained  by  Dulong  and  Arago  seem  to  point  to  a  different 
conclusion. 

120.  Unequal  Compressibility  of  Different  Oases. — The  unequal  com- 
pressibility of  different  gases,  which  was  firat  established  by  Despretz  s 
experiments  above  described,  is  now  usually  exhibited  by  the  aid  of  the 
following  apparatus  designed  by  Pouillet.  A  is  a  cast-iron  reservoir, 
containing  mercury  surmounted  by  oil     In  this  latter  liquid  dips  a 
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Law  for  Expanding  Air. 
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bronze  plunger  F,  the  upper  part  of  which  has  a  thread  cut  upon  it, 
ftnd  works  in  a  nut,  bo  that  the  plunger  can  be  screwed  up  or  down 
by  means  of  the  lever  L.  The  reservoir  A  communicates 
by  an  iron  tube  with  another  cast-jron  vessel,  into  which 
are  firmly  fastened  two  tubes  T  T  about  six  feet  in  length 
and  iV^h  of  an  inch  in  internal  diameter,  very  carefully 
calibrated  (§  1  SO).  Equal  volumes  of  two  gases,  perfectly 
dry,  are  introduced  into  these  tubes  through  their  upper 
ends,  which  are  then  hermetically  sealed.  The  plunger  is 
then  made  to  descend,  and  a  gradually  increatting  pressure 
is  exerted,  the  volumes  occupied  by  the  gases  are  mea- 
that  no  two  gases  follow  pre- 
^mpression.  The  difference, 
ble  when  the  gases  employed 
oxygen,  hydrogen,  nitrogen, 
,  But  when  we  compare  any 
ble  gas,  such  as  carbonic  acid, 
difference  is  rapidly  and  dia- 
under  a  pressure  of  twenty- 
acid  occupies  a  volume  which 
d  by  air. 

121.  Begnanlt's  Experi- 
ments.— Boyle's  law,  there- 
fore, is  not  to  be  considered 
as  rigorously  exact ;  but  it  is 
certainly  a  very  close  ap- 
prexiroation  to  the  truth, 
except  for  gases  near  their 
point  of  liquefaction.  In 
order  to  demonstrate  the  in- 
accuracy of  the  law  for  air, 
or  any  gas  that  is  not  lique- 
fiable,  and  more  especially  if 
it  is  required  to  determine 
the  law  of  deviation  for  eacli 
particular  gas,  it  is  necessary 
9BiiM'*Appu*uufiwiiiairiiig  L'Dtqiui  to  employ  veiy  precise  me- 
thods of  measurement.  In 
ordinary  experiments  on  compression,  and  even  in  the  elaborate 
investigations  of  Dulong  and  Arago,  a  definite  portion  of  gas  is  taken 
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and  STicceaaively  diminished  in  volume  by  the  application  of  o 
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of  the  opeDings  is  fitted  the  lowest  of  a  series  of  glass  tubes  A,  which 
are  placed  end  to  end,  and  'firmly  joined  to  each  other  by  metal 
fittings,  so  as  to  form  a  vertical  column  of  about  twenty-five  metres 
in  height 

The  height  of  the  mercurial  column  in  this  long  manometric  tube 
could  be  exactly  determined  by  means  of  reference  marks  placed  at 
distances  of  about  '95  of  a  metre,  and  by  the  graduation  on  the  tubes 
forming  the  upper  part  of  the  column.  The  mean  temperature  of  the 
mercurial  column  was  given  by  thermometers  placed  at  difierent 
heighta  Into  the  second  opening  in  the  cylinder  fits  the  lower 
extremity  of  the  tube  £,  which  is  divided  into  millimetres,  and  also 
gauged  with  great  accuracy.  This  tube  has  at  its  upper  end  a  stop- 
cock r  which  can  open  communication  with  tlie  reservoir  V,  into 
which  the  gas  to  be  operated  on  is  forced  and  compressed  by  means 
of  the  pump  P. 

An  outer  tube,  which  is  not  shown  in  the  figure,  envelops  the 
tube  B,  and,  being  kept  full  of  water,  which  is  continually  renewed, 
enables  the  operator  to  maintain  the  tube  at  a  temperature  sensibly 
constant,  w^hich  is  indicated  by  a  very  delicate  thermometer.  Before 
fixing  the  tube  in  its  place,  the  point  corresponding  to  the  middle  of 
its  volume  is  carefully  ascertained,  and  after  the  tube  has  been  per- 
manently fixed,  the  distance  of  this  point  firom  the  nearest  of  the 
reference  marks  is  observed.* 

After  these  explanatory  remarks  we  may  describe  the  mode  of 
conducting  the  experiments.  The  gas  to  be  operated  on,  after  being 
first  thoroughly  dried,  is  introduced  at  the  upper  part  of  the  tube  B, 
the  stop-cock  of  the  pump  being  kept  open,  so  as  to  enable  the  gas 
to  expel  the  mercury  and  occupy  the  entire  length  of  the  tube.  The 
force-pump  is  then  brought  into  play,  and  the  gas  is  reduced  to  about 
half  of  its  former  volume;  the  pressure  in  both  cases  being  ascertained 
by  observing  the  height  of  the  mercury  in  the  long  tube  above  the 
nearest  mark.  It  is  important  to  remark  that  it  is  not  at  all  neces- 
sary to  operate  always  upon  exactly  the  same  initial  volume,  and 
reduce  it  exactly  to  one-half,  which  would  be  a  very  tedious  opera- 

^  Begiiax]lt*8  apparatus  was  fixed  in  a  small  sqaare  tower  of  about  fifteen  metres  in  height, 
formmg  part  of  the  buUdings  of  the  College  de  France,  and  which  had  fonnerly  been  built 
by  Savut  for  experiments  in  hydraulics.  The  tower  could  therefore  contain  only  the  lower 
pvt  of  the  manometric  colamn ;  the  upper  part  rose  above  the  platform  at  the  top  of  the 
tovor,  resting  against  a  sort  of  mast  which  could  be  ascended  by  the  observer.  The  read- 
ings inside  the  tower  could  bo  made  by  means  of  a  cathetometer,  but  this  was  impossible 
in  the  upper  portion  of  the  oolunmi  and  for  this  reason  the  tubes  forming  this  portion  were 
graduated.— i>. 
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tion ;  these  two  conditions  are  approximately  fulfilled,  and  the  gra- 
duation of  the  tube  enables  the  observer  always  to  ascertain  the  actual 
volumes. 

122.  Results. — The  general  result  of  the  investigations  of  Regnault 
is,  that  Boyle's  law  does  not  exactly  represent  the  compressibility  of 
even  non-liquefiable  gases,  such  as  air,  hydrogen,  nitrogen,  which, 
with  carbonic  acid,  were  the  gases  operated  on  by  him.  But  the  re- 
sulting differences  are  so  small  that  they  would  not  be  detected  by 
a  mere  inspection  of  the  numbers  which  represent  volumes  and  pres- 
surea  They  may,  however,  be  clearly  exhibited  by  submitting  the 
results  to  the  following  test: — Suppose  we  take  a  certain  quantity 
of  gas  which,  under  the  pressure  P,  occupies  the  volume  V,  and  that 
we  reduce  it  to  a  volume  V,  when  the  pressure  becomes  F,  and,  if 
Boyle's  law  were  accurate,  we  should  have  the  equation 

V  =^,  or  VP  =  VT' 
VP 

Or,  in  another  form,  y^p  -1  =  0. 

Now  it  is  found  that  for  all  gases  except  hydrogen  this  difference, 
instead  of  being  always  zero,  is  constantly  positive,  and  has  not  only 
a  sensible  value,  but,  which  is  of  especial  importance,  it  increases  re- 
gularly with  the  pressure,  which  shows  that  it  cannot  be  attributed 
to  the  inevitable  errors  of  observation. 

If  we  measure  off  upon  any  line  lengths  proportional  to  the  dif- 
ferent pressures,  and  raise  perpendiculars  proportional  to  the  differ- 

vp 
ences  y,p  — 1,  by  joining  the  extremities  of  these  perpendiculars  by  a 

continuous  line  an  uninterrupted  curve  is  obtained,  which  evidently 
is  a  graphic  representation  of  the  departure  of  the  gas  in  question 
from  Boyle's  law.  These  curves  have  been  very  carefully  traced  by 
Regnault;  and  their  algebraic  equations  can  be  found  by  the  ordinarj' 
methods  of  interpolation.  These  equations  are  employed  when  it  is 
required  to  calculate  rigorously  the  change  of  volume  corresponding 
to  a  very  high  pressure. 

Since  the  difference  y?jv  — 1  is  positive,  V'F  must  be  less  than  VP. 

and  consequently  the  volume  V  corresponding  to  the  pressure  F  is 
less  than  that  given  by  Boyle's  law.  We  thus  see  that,  in  general, 
gases  are  more  compressible  than  Boyle's  law  would  indicate;  and  in 
the  case  of  gases  that  are  liquefiable  this  difference  of  compressibility 
is,  as  we  have  said,  considerable. 
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In  this  respect  hydrogen  is  a  remarkable  exception,  as  was  origi- 
nally shown  by  Despretz  in  the  experiments  which  we  have  men- 
tioned; it  is  less  compressible  than  it  should  be  by  Boyle's  law,  the 

difference  y;p;  — 1  being  negativa 

This  singular  peculiarity  of  hydrogen  is  quite  in  harmony  with 
the  views  which  are  entertained  as  to  the  nature  of  this  ga&  It 
has  been  observed,  from  several  comparative  experiments  per- 
formed upon  carbonic  acid,  that  at  the  temperature  of  100^  Cent,  the 
law  of  compressibility  of  this  gas  differs  from  Boyle's  law  much 
less  than  at  ordinary  temperaturea  We  may  thus  fairly  suppose 
that  if  we  were  to  operate  at  a  still  higher  temperature,  we  should 
approach  still  more  nearly  to  the  law,  which  would  doubtless  be 
verified  at  a  particular  temperature,  beyond  which  the  error  would 
he  in  the  opposite  direction.  It  would  thus  appear  that  for  each  gas 
there  is  a  sort  of  normal  temperature,  at  which  the  compressibility  is 
exactly  represented  by  Boyle's  law. 

The  compressibility  of  a  gas  should  also  increase  as  the  tempera- 
ture decreases,  as  is  proved  by  the  experiment  on  carbonic  acid.  With 
the  exception  of  hydrogen,  all  gases  under  ordinary  conditions  are 
below  this  normal  temperature.  But  if,  as  chemical  phenomena 
tend  to  prove,  hydrogen  is  a  kind  of  metal,  we  must  suppose  it  to 
be  relatively  in  a  high  state  of  rarefaction,  which  accounts  for  the 
peculiarity  presented  by  its  compressibility. 

123.  Manometers  or  Pressure-gauges. — Manometers  are  instruments 
for  measuring  the  elastic  force  of  a  gas  or  vapour  contained  in  the  in- 
terior of  a  closed  space.  This  elastic  force  is  generally  expressed  in 
nnits  called  atmospheres  (§103),  and  is  often  measured  by  means  of  a 
column  of  mercury. 

When  the  column  of  mercury  moves  freely  in  an  open  tube,  the 
manometer  is  said  to  be  open  [a  air  libre] ;  it  was  a  manometer  of 
this  kind  that  Regnault  employed  to  measure  the  successive  pres- 
sures to  which  the  volume  of  gas  was  subjected. 

The  open  mercurial  pressure-gauge  is  often  used  in  the  arts  to 
measure  pressures  that  are  not  very  considerable.  The  figure  re- 
presents one  of  the  simplest  forms.  The  apparatus  consists  of  a  box, 
generally  of  iron,  at  the  top  of  which  is  an  opening  closed  by  a  screw 
stopper,  which  is  traversed  by  the  tube  b,  open  at  both  ends,  and 
dipping  into  the  mercury  in  the  box.  The  air  or  vapour  whose 
elastic  force  is  to  be  measured  enters  by  the  tube  a,  and  presses  upon 

12 
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the  mercury.  It  is  evident  that  if  the  level  of  the  liquid  in  the  box 
is  the  same  as  in  the  tube,  the  pressure  iu  the  box  must  be  exactly 
equal  to  that  of  the  atmosphere.  If  the  mercury  in  the  tube  rises 
above  that  in  the  box,  the  pressure  of  the  air  in  the  box  must  exceed 
that  of  the  atmosphere  by  a  pressure  corresponding  to  the  height  of 
the  column  raised.  The  pressures  are  generally  marked  in  atmo- 
spheres upon  a.  scale  beside  the  tube. 

lS4.UaltipleBnncliHailometeT.— When  the  pressures  to  be  to easured 
are  considerable,  as  in  the  boiler  of  a  high-pressure  steam-engine,  the 


Fig.  ISEI.— Mnllipla  Bnueh  MmBoavitat. 

above  instrument,  if  employed  at  all,  must  be  of  a  length  correspond- 
ing to  the  pressure.  If,  for  instance,  the  pressure  in  question  is  eight 
atmospheres,  the  length  of  the  tube  must  be  at  least  8  x  30  inches= 
20  feeL  Such  an  arrangement  is  inconvenient  even  for  stationary 
machines,  and  is  entirely  inapplicable  to  movable  machines. 

Without  departing  from  the  principle  of  the  open  mercurial  pres- 
sure-gauge, namely,  the  balancing  of  the  pressure  to  be  observed 
against  the  weight  of  a  liquid  increased  by  one  atmosphere,  we  may 
reduce  the  length  of  the  iastrument  by  an  artifice  already  employed 
by  Fahrenheit  in  his  barometer  (§110). 

The  apparatus  for  this  purpose  consists  of  an  iron  tube  ABCD  bent 
back  upon  itself  a  certain  number  of  times.  Tlie  extremity  A  com- 
municates with  the  boiler  by  a  stop-cock,  and  the  last  branch  CD  ia 
(^  glass,  and  has  a  scale  by  its  side. 
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The  first  step  is  to  fill  the  tube  with  mercury  as  far  as  the  level 
UN.  At  this  height  are  holes  by  which  the  mercury  escapes  when 
it  reaches  them,  and  which  are  afterwards  hermeticalLj  sealed.  The 
npper  portions  are  filled  with  water  tlirough  opeuings  which  are  also 
stopped  after  the  tube  has  been  filled.  If  the  mercury  in  the  first 
tube,  which  is  in  communication  with  the  reservoir  of  gas,  fiills  through 
a  certain  distance  h,  it  will  alternately  fall  and  rise  through  the  same 
diaUmce  in  each  of  the  tubes,  and  will  consequently  rise  through  the 
same  distance  in  the  last  tube;  now  this  distance  corresponds  to  an 
effective  pressure  represented  by  a  column  of  mercury  of  height  lOA, 
diminished  by  ten  times  the  same  height  of  water;  that  ia,  to  a  height 
of  mercury  equal  to  lOA  (1  —  13.59)-  ^^  ^''^  ^^^^  ^^  ^^°  ^^^^  *  ^*^y 
considerable  pressure  will  be  indicated  by  a  comparatively  small 
variation  of  the  mercurial  column.  If,  for  instance,  beginning  with 
the  atmospheric  pressure,  an  additional  pressure  of  five  atmospheres 
is  exerted,  that  is,  an  effective  pressure  of  six  atmospheres,  the  quan- 
tity k  will  be  given  in  metres  by  the  equation 

ex7s  =  m(i.^!5p). 

whence 

E  X  -76  K  IS'Sa  =  lOA  X  1259, 
A  =  -iOm. 

126.  Compressed-air  Manometer. — This  instrument,  which  may  as- 
sume difierent  forms,  sometimes  consists,  as  in  Fig.  131,  of  a  bent  tube 
AB  closed  at  one  end  a,  and  containing  within  the 
space  Ka  a  quantity  of  air,  which  is  cut  off  from 
external  communication  by  a  column  of  mercury 
The  apparatus  has  been  so  constructed,  that  when 
the  pressure  on  B  is  equal  to  that  of  the  atmosphere, 
the  mercury  stands  at  the  same  height  in  both 
branches;  so  that,  under  these  circumstances,  the 
inclosed  air  is  exactly  at  atmospheric  pressura  But 
if  the  pressure  increases,  the  mercury  is  forced  into 
the  left  branch,  so  that  the  air  in  that  branch  is 
compressed,  and  its  tension  gradually  increases  until 
equilibrium  is  established.  The  pressure  of  the  gas  exerted  at  B  is 
then  equal  to  the  pressure  of  the  compressed  air,  together  with  that 
of  a  column  of  mercury  equal  to  the  difference  of  level  of  the  liquid 
in  the  two  branchea  This  pressure  is  expressed  in  atmospheres  on 
the  scale  ah. 
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The  graduation  of  this  scale  is  effected  directly  in  practice,  by 
placing  the  manometer  in  communication  with  a  reservoir  of  com- 
pressed air  whose  pressure  is  given  by  an  open  mercurial  gauge,  or 
by  a  standard  manometer  of  any  kind. 

If  the  tube  AB  be  supposed  cylindrical,  the  graduation  can  be 
previoudy  effected  by  an  application  of  Boyle's  law. 

Let  I  be  the  length  of  the  tube  occupied  by  the  inclosed  air  when 
its  pressure  is  equal  to  that  of  one  atmosphere;  at  the  point  to  which 
the  level  of  the  mercury  rises  is  marked  tlie  number  1.  It  is  required 
to  find  to  what  point  the  end  of  the  liquid  column  should  reach  when 
a  pressure  of  n  atmospheres  is  exerted  at  B.  Let  x  be  the  height  of 
this  point  above  1 ;  then  the  volume  of  the  air,  which  was  originally  l, 
has  become  l—x,a,nd  its  pressure  is  therefore  equal  toH  j-^^,  H  being 
the  mean  height  of  the  barometer.  Thia  pressure,  together  with  that 
due  to  the  difference  of  level  2x,  is  equivalent  to  n  atmospherea 
We  have  thus  the  equation — 


2x'-  (nH  +  2Qn.  (n-l)m  =  0. 


^_nH  +  2i±  --/(bH  +  21)*  -  B(n-1)H;. 

We  thus  find  two  values  of  m;  but  that  given  by  taking  the  positive 
sign  of  the  radical  is  inadmissible;  for  if  we  put  n=l,  we  ought  to 
have  ic=o,  which  cannot  be  the  case  unless  the 
sign  of  the  radical  is  negative. 

By  giving  n  the  successive  values  of  11,  2, 
24,  3,  &C-,  in  this  expresaion  for  x,  we  have 
the  points  on  the  scale  corresponding  to  pi-es- 
sures  of  one  atmosphere  and  a  half,  two  atmo- 
spheres, &,c 

As  we  have  before  remarked,  the  sensibility 
of  the  instrument  decreases  as  the  pressure 
increases,  and  the  distance  traversed  by  the 
mercury  for  an  increment  of  pressure  equal  to 
one  atmosphere  becomes  less  and  less.  This 
Fig.iss.  inconvenience  is  partly  avoided   by  the  ar- 

Ccmprawal-nir  Manometer.  r         J  J 

rangeinent  shown  in  Fig.  132.  The  branch 
containing  the  air  is  of  a  conical  form ;  in  tliis  way,  as  the  mercury 
rises,  equal  changes  of  volume  correspond  to  increasing  lengths.     The 
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effect  oi  this  arrangement  is  seen  by  an  inapection  of  the  scale,  on 
vliicti  the  numbers  corresponding  to  BucceBsive  atmospheres  of  prea- 
mat  u«  nearly  equidistant,  whereas  when  the  tube  is  cylindrical 
tiiey  rapidly  approach  each  other. 

IS6.  Metallic  Hanometers. — The  fragility  of  glass  tubes,  and  the 
fact  tiiat  tbey  are  liable  to  become  opaque  by  the  mercury  clinfpng 
to  their  sides,  are  serious  drawbacks  to  their  use,  especially  in 
machines  in  motion  Accordingly,  metallic  manometers  are  often 
employed,  depending  upon  the  changes  of  form  effected  by  the  pres- 
sure of  gas  on  its  containing  vessel,  when  suitably  constructed.  We 
shall  here  mention  only  Bourdon's  gauge  (Fig.  133).  It  consists  essen- 
tially of  a  copper  tube  of  elliptic  section,  whicb  is  bent  through  about 
540°  as  represented  in  Fig,  133.  One  of  the  extremities  communicates 
by  a  stop-cock  with  the  reservoir  of  steam  or  compressed  gas ;  to  the 
other  extremity  is  attached  a  steel  needle  which  traverses  a  scale. 
When  the  stop-cock  permits  communication  with  the  atmosphere,  the 
end  of  the  needle  stands  at  the  mark  1 ;  but  if  the  pressure  increases 
the  cnrvature  diminishes,  the  free  extremity  of  the  tube  moves  away 
from  the  fixed  extremity,  and  the  needle  traverses  the  scala 
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127.  Hizture  of  Gases. — When  gases  of  different  densities  are  in- 
<^09ed  in  the  same  space,  experiment  shows  that,  even  under  the  most 
unfavourable  circumstances,  an  intimate  mixture  takes  place,  so  that 
^^wb  gas  becomes  uniformly  diffused  through  the  entire  space.     This 
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fact  has  been  shown  by  a  decisive  experiment  due  to  Berthollet 
He  took  two  globes  (Fig.  134?)  which  could  be  screwed  together,  and 
placed  them  in  a  cellar.  The  lower  globe  was  filled  with  carbonic 
acid,  the  upper  globe  with  hydrogen.  Communication  was  estab- 
lished between  them,  and  at  the  end  of  a  certain  time  it  was  ascer- 
tained that  the  gases  had  become  intimately  mixed ;  in  fact,  the 
proportion  of  carbonic  acid  and  of  hydrogen  was  exactly  the  same  in 
both  globes.  The  fact  that  the  composition  of  the  air  is  the  same  at 
all  heights  is  another  striking  proof 

If  several  gases  are  inclosed  in  the  same  space,  each  of  them  exerts 
the  same  pressure  as  if  the  others  were  absent,  and  consequently  the 
pressure  exerted  by  the  mixture  is  equal  to  the  sum  of  the  pressures 
due  to  each  gas  separately.  These  separate  pressures  can  easily  be 
calculated  by  Boyle's  law,  when  the  original  pressure  and  volume  of 
each  gas  are  known. 

For  example,  let  V  and  P,  V  and  P',  V"  and  F'  be  the  volumes 
and  pressures  of  the  gases  which  are  made  to  pass  into  a  vessel  of 
volume  U.     The  first  gas  exerts,  when  in  this  vessel,  a  pressure 

equal  to  -jj-,  the  second  a  pressure  equal  to  -^-  ,  the  third  a  pressure 
equal  to  -tj^>  and  so  on,  so  that  the  total  pressure  M  is  equal  to 

^  +  ^'  +  -u",  whence  MU  =  VP  +  V'F  +  V"P". 

This  formula  expresses  the  law  of  pressure  for  a  mixture  of  gases; 
it  may  easily  be  verified  by  passing  different  volumes  of  gas  into  a 
graduated  glass  jar  inverted  over  mercury,  after  having  first  mea- 
sured their  volumes  and  pressures. 

128.  Absorption  of  Oases  by  Liquids  and  Solids. — ^AU  gases  are  to  a 
greater  or  less  extent  soluble  in  water.  This  property  is  of  consider- 
able importance  in  the  economy  of  nature;  thus  the  life  of  itquatic 
animals  and  plants  is  sustained  by  the  oxygen  of  the  air  which  the 
water  holds  in  solution.  The  voluTne  of  a  given  gas  that  can  be 
dissolved  in  water  at  a  given  temperature  is  found  to  be  in  general 
the  same  at  all  pressures,^  and  the  ratio  of  this  volume  to  that  of 
the  water  which  dissolves  it  is  called  the  coefficient  of  solvhiliiy 
or  of  absorption.  At  the  temperature  0°  Cent  the  coeflicient  of 
solubility  for  carbonic  acid  is  1,  for  oxygen  '04,  and  for  ammonia 
1150. 

If  a  mixture  of  two  or  more  gases  be  placed  in  contact  with  water, 

*  Hence  the  tceight  of  gas  absorbed  ia  directly  as  the  pressure. 
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each  gas  ^ill  be  dissolved  to  the  same  extent  as  if  it  were  the  only 
gas  present. 

Other  liquids  as  well  as  water  possess  the  power  of  absorbing  gases, 
according  to  the  same  laws,  but  with  coei&cients  of  solubility  which 
are  diflFerent  for  each  liquid. 

Increase  of  temperature  diminishes  the  coefficient  of  solubility, 
which  is  reduced  to  zero  when  the  liquid  boila 

Some  solids,  especially  charcoal,  possess  the  power  of  absorbing 
gases.  Boxwood  charcoal  absorbs  about  nine  times  its  volume  of 
oxygen,  and  about  ninety  times  its  volume  of  ammonia.  When 
saturated  with  one  gas,  if  put  into  a  different  gas,  it  gives  up  a  por- 
tion of  that  which  it  first  absorbed,  and  takes  up  in  its  place  a  quan- 
tity of  the  second.  Finely-divided  platinum  condenses  on  the  sur- 
face of  its  particles  a  large  quantity  of  many  gases,  amounting  in  the 
case  of  oxygen  to  many  times  its  own  volume.  If  a  jet  of  hydrogen 
gas  be  allowed  to  fall,  in  air,  upon  a  ball  of  spongy  platinum,  the  gas 
combines  rapidly,  in  the  pores  of  the  metal,  with  the  oxygen  of  the 
air,  giving  out  an  amount  of  heat  which  renders  the  platinum  in- 
candescent and  usually  sets  fire  to  the  jet  of  hydrogen. 

Most  solids  have  in  ordinary  circumstances  a  film  of  air  adhering 
to  their  surfaces.  Hence  iron  filings,  if  carefully  sprinkled  on  water, 
wOl  not  be  wetted,  but  will  float  on  the  surface,  and  hence  also  the 
power  which  many  insects  have  of  running  on  the  surface  of  water 
without  wetting  their  feet.  The  film  of  air  in  these  cases  prevents 
wetting,  and  hence,  by  the  principles  of  capillarity,  produces  in- 
creased buoyancy. 


CHAPTER    XV. 


129.  Air-pump. — The  air-pump  was  invented  by  Otto  Guericke 
about  1650,  and  has  since  undergone  some  improvements  in  detail 
■which  have  not  altered  the  essential  parts  of  its  construction. 

It  consists  of  a  glass  or  metal  cylinder  called  the  barrel,  in  whicli 
a  piston  works.  This  piston  has  an  opening  through  it  which  is 
closed  at  the  lower  end  by  a  valve  S  opening  upwards.  The  barrel 
communicates  with  a  passage  leading  to  the  centre  of  a  brass  surface 
carefully  polished,  which  is  called  the  plate  of  the  air-pump.  Tlae 
entrance  to  the  passage  is  closed  by  a  conical  stopper  S',  at  the  ex- 
treniity  of  a  metal  rod  which  passes  through  the  piston-head,  and 
works  in  it  tightly,  so  as  to  be  carried  up  and  down  with  the  motion 


of  the  piston.  A  catch  at  the  upper  part  of  the  rod  confines  its 
motion  within  very  narrow  limits,  and  only  permits  the  stopper  to 
rise  a  small  distance  above  the  opening. 

Suppose  now  that  the  piston  is  at  the  bottom  of  the  cylinder,  sLod. 
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is  raised.  The  valve  S'  is  opened,  and  the  air  of  the  receiver  £  rushes 
into  the  cylinder.  On  lowering  the  piston,  the  valve  S'  closes  its 
opening,  the  air  which  has  entered  the  cylinder  cannot  return  into 
the  receiver,  and,  on  being  compressed,  raises  the  valve  in  the  piston, 
and  escapes  into  the  air  outside.  On  raising  the  piston  again,  a  por- 
tion of  the  air  remaining  in  the  receiver  will  pass  into  the  cylinder, 
-whence  it  will  escape  on  pushing  down  the  piston,  and  so  on. 

We  see,  then,  that  if  this  motion  be  continued,  a  fresh  portion  of 
the  air  in  the  receiver  will  be  removed  at  each  successive  stroke. 
But  as  the  quantity  of  air  removed  at  each  stroke  is  only  a  fraction 
of  the  quantity  remaining,  we  can  never  produce  a  perfect  vacuum, 
though  we  might  approach  as  near  to  it  as  we  pleased  if  this  were 
the  only  obstacle. 

130.  Calculation  of  the  Degree  of  Exhaustion. — It  is  easy  to  cal- 
culate the  quantity  of  air  left  in  the  receiver  after  a  given  number 
of  strokes  of  the  piston.  Let  V  be  the  volume  of  the  cylinder,  V 
that  of  the  receiver,  and  M  the  mass  of  air  in  the  receiver  at  first 
On  raising  the  piston,  the  air  which  occupied  the  volume  V  occupies 
a  volume  V'+ V;  of  the  air  thus  expanded  the  volume  V  is  removed, 

and  the  volume  V  left,  being  yrry  of  the  whole  quantity  or  mass  M. 
The  quantity  remaining  after  the  second  stroke  is  y'Tv  ^^  ^^^^  after 

yrpv)  ^9  *^^  after  n  strokes  f  y,  ^  y  1  M.  Hence  the 
density  and  (by  Boyle  s  law)  the  pressure  are  each  reduced  by  n 
strokes  to  Cy^—yY  of  their  original  valuea 

We  see,  then,  that  the  pressm*e  goes  on  decreasing  indefinitely,  and 
that,  consequently,  the  elasticity  of  the  air  may,  theoretically  at  least, 
be  rendered  less  than  any  assigned  quantity. 

131.  Mercurial  Gkiuge. — In  order  to  follow  the  steps  of  the  opera- 
tion, and  to  observe  at  each  instant  the  elastic  force  of  the  air  in  the 
receiver,  the  instrument  is  provided  with  a  siphon-barometer,  called 
the  mercurial  gauge,  inclosed  in  a  bell-shaped  vessel  of  glass  F,  and 
communicating  by  a  stop-cock  with  the  receiver.     This  barometer 
consists  of  a  bent  tube,  the  branches  of  which  are  about  a  foot  in 
length ;   one  of  these  is  closed  and  filled  with  mercury,  the  other  is 
open.      When  the  pressure  of  the  air  in  the  receiver  becomes  less  than 
that    represented  by  a  column  of  mercury  equal  in  length  to  the 
<dosed  branch  of  the  gauge,  the  mercury  faUs,  and  the  elastic  force  of 
tlie   air  at  any  moment  is  given  by  the  difierence  of  level  of  the 
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mercury  in  the  two  branches ;  this  difference  c&ti  J,^  measured  on  a 
graduated  scale.  The  mercurial  gauge  serves  to  show  whether  the 
instrument  is  working  properly;  for  instance,  in  the  case  of  air 
getting  in  anywhere,  this  would  be  shown  by  the  fluctuations  of  the 
mercurial  column.  It  also  shows  when  the  greatest  possible  effect 
has  been  attained,  by  the  level  of  the  mercury  remaining  stationary'- 
notwithstanding  the  motion  of  the  piston.  In  theory,  as  we  have 
said  above,  there  is  no  limit  to  the  action  of  the  machine,  and  at  each 
stroke  of  the  piston  the  elastic  force  of  the  air  should  decrease;  but 
in  reality  this  is  not  the  case,  on  account  of  the  inevitable  imperfec- 
tions of  the  apparatus ;  there  is  always  a  limit,  extending  further  in 
proportion  to  the  excellence  of  the  machine,  and  the  barometer  shows 
the  moment  when  this  limit  is  reached.  Instead  of  a  siphon-baro- 
meter, we  might  have  an  ordinary  barometer  in  connection  w^ith 
the  receiver,  and  thus  observe  the  progress  of  the  vacuum  from  the 
first  strokes  of  the  piston. 

132.  Admission  Stop-cock. — ^After  the  receiver  has  been  exhausted 
of  air,  if  it  was  requked  to  raise  it  from  the  plate,  a  very  considerable 
force  would  be  necessary,  amounting  to  as  many  times  fifteen  pounds 
as  the  area  of  the  plate  contained  square  inchea  It  would,  therefore, 
be  in  general  impossible  to  raise  the  receiver.  This  is,  however,  ren- 
dered possible  by  means  of  the  stop-cock  R,  which  is  shown  in  section 
above.  It  is  perforated  by  a  straight  channel,  which,  when  the 
machine  is  being  worked,  forms  part  of  the  communicating  passage. 
At  90**  from  the  extremities  of  this  channel  is  another  opening  O,  form- 
ing the  mouth  of  a  bent  passage,  leading  to  the  external  air.  When  we 
wish  to  admit  the  air  into  the  receiver,  we  have  only  to  turn  the  stop- 
cock so  as  to  bring  the  opening  O  to  the  side  next  the  receiver ;  if, 
on  the  contrary,  we  turn  it  towards  the  pump-barrel,  all  communica- 
tion between  the  pump  and  the  receiver  is  stopped,  the  risk  of  air 
entering  is  diminished,  and  the  vacuum  remains  good  for  a  greater 
length  of  tima  This  precaution  is  taken  when  we  wish  to  leave 
bodies  in  a  vacuum  for  a  considerable  time.  Another  method  is  to 
employ  a  separate  plate,  which  can  be  detached  so  as  to  leave  the 
machine  available  for  other  purposes. 

133.  Double-barrelled  Air-pump. — The  machine  just  described  has 
only  a  single  pump-barrel ;  air-pumps  of  this  kind  are  sometimes 
employed,  and  are  usually  worked  by  a  lever  like  a  pump-handle. 
With  this  arrangement,  it  is  evidently  necessary  that  the  piston,  after 
having  ascended,  should  descend  again  to  expel  the  air  from   the 
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pump-barrel,  and  it  is  only  after  tliis  double  stroke  that  the  operation 
on  begin  anew. 

Doubte-barrelled  pumps  are  more  frequently  used.     An  idea  of 

their  general  arrangement  may  be  formed  from  Figs.  136,  137,  and 

138.     Fig.   138  pves  the  machine  in   perepective,  Fig.  136  is  a 

section  through  the  axes  of  the  pump-barrels,  and  Fig.  137  shows 

tbe  manner  in  which  communication   is  established   between  the 

receiver  and  tbe  two  bar- 

rela     It  will  be  observed 

that  the  two  passages  from 

the  barrelsunite  in  a  single 

pass^e  to  the  centre  oithe 

plate  p. 


The  piston-rods  0  are  two  racks  working  with  the  pinion  P.  This 
poion  is  turned  by  a  double-banded  lever,  which  is  worked  alter- 
nately in  opposite  directions.  In  this  arrangement,  when  one  piston 
ucends  the  other  descends,  and  consequently  in  each  single  stroke 
^  air  of  the  receiver  passes  into  one  or  other  pump-barreL  A 
^Kuum  is  thus  produced  by  half  the  number  of  strokes  which  would 
W  required  with  a  single-barrelled  pnmp  It  has  besides  another 
xlnntage.  In  the  single-barrelled  pump  the  force  required  to  raise 
tile  |HKton  increases  as  the  exhaustion  proceeds,  and  when  it  is  nearly 
nmpleted  there  is  the  resistance  of  almost  an  atmosphere  to  be  over- 
<nne-,  that  is,  nearly  15  pounds  to  the  square  inch.     In  the  double- 


barrelled  pump,  at  the  moment  when  one  pistoa  is  st  the  top,  and 
the  other  at  the  bottom,  the  force  opposing  the  ascent  of  the  one  is 
precisely  equal  to  that  assisting  the  descent  of  the  other.     We  must 


observe,  however,  that  this  equality  exists  only  at  the  beginning  of 
the  stroke ;  for  when  one  of  the  pistons  descends,  the  air  below  it  is 
compressed,  its  tension  becoming  greater  and  greater,  until  it  reaches 
that  of  the  atmosphere  and  raises  the  piston- valve.  At  this  moment 
the  resistance  to  the  ascent  of  the  other  piston  is  entirely  uncompen- 
sated, and  up  to  this  point  the  compensation  has  been  gradually 
diminishing.  But  the  more  nearly  we  approach  to  a  perfect  vacuum, 
the  more  elowly  does  the  tension  of  tlie  air  compressed  beneath  the 
piston  increase,  so  that,  unlike  the  single- barrelled  pump,  it  becomes 
easier  to  work  as  the  exhaustion  proceeds. 

134.  Sinffle-barrelled  Pomps  with  Donble  Aotioa.  —  We  do  not^, 
however,  require  two  pump-barrels  in  order  to  obtain  double  action, 
as  the  same  effect  may  be  obtained  with  a  single  barrel.  An  arrange- 
ment for  this  purpose  was  long  ago  suggested  by  Delahire  for  water- 
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pmnps;  bnt  the  principle  has  only  lately  been  applied  to  the  con- 
struction of  air-pumps. 

Fig.  139  represents  the  single  barrel  of  the  double-acting  pump  of 
Biancbl    It  will  be  seen  that  the  piston- valve  opens  into  the  hollow 
piston-rod;  a  second  vaJve,  also  opening  upward,  is  placed  at  the 
top  of  the  pump-barrel.     Two  other  open- 
ings one  above,  the  other  below,  serve  to 
establish  communication  by  means  of  a 
bent  vertical  tube  between  the  pump- barrel 
and  the  passage  to  the  plate.    These  open- 
ings are  closed  alternately  by  two  conical 
stoppers  at  the  two  extremities  of  a  metal 
rod  passing  through  the  piston,  and  carried 
*ith  it  in  its  vertical  movement  by  means 
of  friction.     When  the  piston  ascends,  as 
in  the  figure,  the  upper  opening  is  closed 
»ad  the  lower  one  is  open ;  when  the  piston 
b^lins  to  descend,  the  opposite  effect  is 
immediately  produced.     Accordingly  we 
*e  that,  whichever  be   the  direction  in 
*hich  the  piston  is  moving,  the  receiver         n  _.  .jif'^if-*'.- 
IS  being  exhausted  of  air.     In  fact,  when 

the  piston  ascends,  air  from  the  receiver  will  enter  by  the  lower 
opening,  and  the  air  above  the  piston  will  be  gradually  compressed, 
»wi  will  finally  escape  by  the  valve  above.  In  the  descending  move- 
"wnt,  air  will  enter  by  the  upper  opening,  and  the  compressed  aJr 
Itneath  the  piston  will  escape  by  the  piston-valve.  The  movement 
of  the  piston  is  produced  by  a  peculiar  arrangement  shown  in  Fig. 
'Ml,  which  gives  a  general  view  of  the  apparatus 

The  pump-harrel,  which  is  composed  entirely  of  cast-iron,  oscillates 

ahoDt  an  axis  passing  through  its  base.     On  the  top  are  guides  in 

■hich  the  end  of  a  crank  travels.     The  pump  is  worked  by  turning 

*  Iwavy  fly-wheel  of  cast-iron,  on  the  axis  of  which  is  a  pinion  which 

^ves  a  toothed  wheel  on  the  axis  of  the  crank.     The  end  of  the 

,   inok  is  attached  to  the  extremity  of  the  piston-rod.     It  is  evident 

^t  on  turning  the  fly-wheel  the  pump-barrel  will  oscillate  from  side 

» side,  following  the  motions  of  the  crank,  and  the  piston  will  alter- 

,   ^lately  ascend  and  descend  in  the  barrel,  the  length  of  which  should 

'   '<  equal  to  the  diameter  of  the  circle  described  by  the  end  of  the 

.  Bank. 
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185.  VariooB  Experiments  with  the  Air-pTiinp. — ^At  the  time  when  ^ 
the  air-pump  was  invented,  several  experiments  were  devised  to 
show  the  effects  of  a  vacuum,  some  of  which  have  become  classical, 
and  are  usually  repeated  in  courses  of  experimental  physica 

Experiment  of  the  Burst  Bladder. — On  the  plate  of  an  air-pump  is 
placed  a  glass  cylinder  open  at  the  bottom,  and  having  a  piece  of 
bladder  tightly  stretched  over  the  top.  As  the  exhaustion  proceeds, 
the  bladder  bends  inwards  in  consequence  of  the  atmospheric  pressure 
above  it,  and  finally  bursts  with  a  loud  report 

It  often  happens  that,  notwithstanding  the  strong  exterior  pressure, 
^ie  bladder  does  not  give  way,  its  molecules  preserving  their  equi- 
librium of  cohesion.  But 
this  equilibrium  is,  so  to 
speak,  unstable,  and  a  few 
taps  are  sufficient  to  de- 
stroy it  and  cause  the 
bladder  to  burst 
Magdeburg  Hemispherea, 
—We  take  two  hemi- 
spheres (Fig  142),  which 
can  be  exactly  fitted  on 
each  other;  their  exact 
adjustment  is  further  as- 
sisted by  a  projecting  in- 
ternal rim,  which  is  smear- 
ed with  lard.  The  appa- 
ratus is  exhausted  of  air 

through  the  medium  of  the  stop-cock  attached  to  one  of  the  hemi- 
spheres, and  when  a  vacuum  has  been  produced,  it  will  be  found 
that  a  considerable  force  is  required  to  separate  the  two  parts,  and 
this  force  increases  with  the  size  of  the  hemispheres. 

This  resistance  to  a  force  of  separation  is  due  to  the  normal  ex- 
terior pressure  of  the  air  on  every  point  of  the  surface,  a  pressure  which 
ia  counterbalanced  by  only  a  very  feeble  pressure  from  the  interior, 
hi  order  to  estimate  the  resultant  effect  of  these  different  pressures, 
^  ns  suppose  that  the  external  surface,  instead  of  being  spherical,  is 
i(jnned  of  a  series  of  steps;  that  is  to  say,  of  alternate  vertical  and 
^torizontal  elements.  It  is  evident  that  the  pressures  exerted  upon 
^bese  latter  will  have  no  influence  upon  the  adhesion  of  the  hemi- 
spheres; the  first  alone  produce  this  effect,  and  the  sum  of  these  is 


Fig.  141. 
Bunt  Bladder. 


Fig.  142. 
Magdobuxg  Hemispbem. 
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evidently  equal  to  the  pressure  of  the  atmosphere  upon  the  circul&r 
area  forming  the  common  base  of  the  hemispheres.  For  example,  if 
this  area  is  ten  square  inches,  the  hemispheres  will  be  pressed  against 
each  other  with  a  force  of  150  pounds. 

Fountain  in  Vacuo. — The  apparatus  for  this  experiment  conaiste 
of  a  hell-shaped  vessel  of  glass  (Fig.  143),  the  base  of  which  is  pierced 
by  a  tube  fitted  with 
a  stop -cock  which 
enables  us  to  exhaust 
the  vessel  of  air.  If, 
after  a  vacuum  has 
been  produced,  we 
place  the  lower  end 
of  the  tube  in  a  vessel 
of  water,  and  opeu  the 
stop-cock,  the  liquid, 
being  pressed  exter- 
nally by  the  atmo- 
sphere, mounts  uptbe 
tube  and  ascends  in  a 
jet  into  the  interior 
of  the  vessel  This 
experiment  is  oftea 
made  in  the  oppoate 
manner.  Under  the 
receiver  of  the  air- 
pump  is  placed  a  vial 
partly  filled  with  water,  and  having  its  cork  pierced  by  a  tube  open 
at  both  ends,  the  lower  end  being  beneath  the  surface  of  the  water. 
As  the  exhaustion  proceeds,  the  air  in  the  vial,  by  its  excess  of  pres- 
sure, acts  upon  the  liquid  and  makes  it  issue  in  a  jet 

136.  Limit  to  the  Action  of  the  Air-pmnp. — Wo  have  said  above 
(§  131)  that  the  air-pump  does  not  continue  the  process  of  rarefaction 
indefinitely,  but  that  at  a  certain  stage  its  effect  ceases,  and  the 
tension  of  the  air  in  the  receiver  undei^es  no  further  diminution. 
If  the  pump  is  very  badly  made,  this  tension  is  considerable;  but 
even  with  the  most  perfect  machines  it  is  always  sensible  A  pump 
such  as  we  have  described  may  be  considered  as  very  good  if  it 
reduces  the  tension  of  the  air  in  the  receiver  to  one-fiftieth  of  an  inch 
of  mercury:  it  is  very  rarely  that  a  lower  limit  is  reached. 
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Leakage. — This  limit  to  the  action  of  the  machine  is  due  to  various 
causes.  One  of  these  is  evidently  the  leakage  at  different  parts  of 
the  apparatus.  It  is  impossible  to  prevent  the  air  from  getting  in  at 
several  points;  and  although  at  the  beginning  of  the  operation  the 
qoantity  of  air  which  thus  enters  is  small  in  comparison  with  that 
which  is  pumped  out,  still,  as  the  exhaustion  proceeds,  the  air  enters 
hster,  on  account  of  the  diminished  internal  pressure,  and  at  the 
same  tune  the  quantity  expelled  at  each  stroke  becomes  less,  so  that 
at  length  a  point  is  reached  at  which  the  inflow  and  outflow  are 
equal 

Space  tjktraversed  by  Piston. — Another  reason  of  imperfect 
exhaustion  is  that,  after  all  possible  precautions,  a  space  is  still  left 
between  the  bottom  of  the  pump-barrel  and  the  lower  surface  of  the 
piston  when  the  latter  is  at  the  end  of  its  downward  stroke.  It  is 
evident  that  at  this  moment  the  air  contained  in  this  untraveraed 
space  is  of  the  same  tension  as  the  atmosphere.  On  raising  the 
piston,  this  air  is  indeed  rarefied;  but  it  still  preserves  a  certain 
tension,  and  it  is  evident  that  when  the  air  in  the  receiver  has  been 
brought  to  this  stage  of  rarefaction,  the  machine  will  cease  to  produce 
any  effect. 

If  v  is  the  volume  of  this  space,  V  the  volume  of  the  pump-barrel, 
the  air,  which  at  volume  v  has  a  tension  H  equal  to  that  of  the 

atmosphere,  will  have,  at  volume  Y,  a  tension  equal  to  Hy.     This 

gives  the  limit  to  the  action  of  the  machine  as  deduced  from  the  con- 
^deration  of  the  untraversed  space. 

AiB  GIVEN  OUT  BY  OiL. — Finally,  perhaps  the  most  important  cause, 
and  the  most  difScult  to  remedy,  is  the  absorption  of  air  by  the  oil 
used  for  lubricating  the  pistons.  This  oil  is  poured  on  the  top  of  the 
piston,  but  the  pressure  of  the  external  air  forces  it  between  the 
piston  and  the  barrel,  whence  it  falls  in  greater  or  less  quantity  to 
the  bottom  of  the  barrel,  where  it  absorbs  air,  and  partially  yields  it 
up  at  the  moment  when  the  piston  begins  to  rise,  thus  evidently 
tending  to  derange  the  working  of  the  machina  It  has  been 
attempted  to  get  rid  of  untraversed  space  by  employing  a  kind  of 
piston  of  mercury.  This  has  also  the  advantage  of  fitting  the  barrel 
more  accurately,  and  thus  preventing  the  entrance  of  air.  The  use 
of  oil  is  at  the  same  time  avoided,  and  we  thus  escape  the  injurious 
effects  mentioned  above.  We  proceed  to  describe  two  machines 
founded  upon  this  principle. 

13 
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137.  Eravoffl's  Air-pomp. — This  contains  a  hollow  glass  cylinder 
A6  taperiDg  at  the  upper  end,  and  surmounted  by  a  kind  of  funnel. 
The  piston  is  of  the  same  shape  as  the  cylinder,  and  is  covered  with 
a  layer  of  mercury,  whose  depth  over  the  point  of  the  piston  is  about 


■j^th  of  an  inch  when  the  piston  is  at  the  bottom  of  its  stroke,  but  ia 
nearly  an  inch  when  the  piston  rises  and  fills  the  funnel-shapetl 
cavity  in  which  the  pump-barrel  tenninates.  A  small  interval,  filled 
by  the  liquid,  is  left  between  the  barrel  and  the  piston ;  but  at  t\x^- 
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bottom  of  the  barrel  the  piston  passes  through  a  leather  box  care- 
fully made,  so  as  to  be  perfectly  air  tight 
The  air  from  the  receiver  passes  through  the  lateral  opening  e ;  it 

is  driven  before  the  mercury  into  the  funnel  above.  With  the  air 
passes  a  certain  quantity  of  mercury,  which  is  detained  by  a  steel 
valve  c  at  the  narrowest  part  of  the  funnel  This  valve  rises  auto- 
loatically  when  the  surface  of  the  mercury  is  at  a  distance  of  about 
lialf  an  inch  from  the  funnel,  and  falls  back  into  its  former  position 
iriieQ  the  piston  is  at  the  end  of  its  upward  stroke.  In  the  down- 
ward stroke,  when  the  mercury  is  again  half  an  inch  from  the  funnel, 
the  valve  opens  again  and  allows  a  portion  of  the  mercury  to  pass. 

The  effect  of  this  arrangement  is  easily  understood;  there  is  no 
'^imtraversed  space,"  the  presence  of  the  mercury  above  and  around 
the  piston  causes  a  very  complete  fit,  and  excludes  the  external  air; 
and  hence  the  machine,  when  well  made,  is  very  effective. 

When  this  is  the  case,  and  when  the  mercury  used  in  the  apparatus 
Q  perfectly  dry,  a  vacuum  of  about  -s-^th  of  an  inch  can  be  obtained, 
lie  diyness  of  the  mercury  is  a  very  important  condition,  for  at 
oniinaiy  temperatures  the  elastic  force  of  the  vapour  of  water  has  a 
very  sensible  value.  If  we  wish  to  employ  the  full  powers  of  the 
loachine,  we  must  have,  between  the  vessel  to  be  exhausted  of  air 
iod  the  pump-barrel,  a  desiccating  apparatus. 

The  arrangement  of  the  valve  e  is  peculiar.  It  is  of  a  conical  form, 
^  as,  in  its  lowest  position,  to  permit  the  passage  of  air  coming  from 
the  receiver.  Its  ascent  is  produced  by  the  pressure  of  the  mercury, 
vMch  forces  it  against  the  conical  extremity  of  the  passage,  and  the 
liquid  is  thus  prevented  from  escaping. 

The  figure  represents  a  double-barrelled  machine  analogous  to  the 
odhiaiy  air-pump.  Besides  the  pinion  working  with  the  racks  of 
the  pistons,  there  is  a  second  smaller  pinion,  not  shown  in  the  figure, 
^ich  governs  the  movements  of  the  valves  c.  All  the  parts  of  this 
i^^ine,  as  the  stop-cocks,  valves,  pipes,  &a,  must  be  of  steel,  to  avoid 
tlte  action  which  the  mercury  would  have  upon  any  other  metal. 

U8.  Oeisaler'B  Machine. — Geissler,  of  Bonn,  has  invented  a  mer- 
curial air-pump,  in  which  the  vacuum  is  produced  by  communication 
^  the  receiver  with  the  Torricellian  vacuum.  Fig.  146  represents 
tUs  machine  as  constructed  by  Alvergniat.  It  consists  of  a  vertical 
>3be,  which  serves  as  a  barometric  tube,  and  communicates  at  the 
^*^^xm^  by  means  of  a  caoutchouc  tube,  with  a  globe  which  serves  as 
'ifedstem. 
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^t  the  top  of  the  tube  is  a  three-way  atop-cock,  by  which  com- 
munication can  be  established  either  with  the  receiver  to  the  left,  or 
with  a  funnel  to  the  right,  which  latter  has  an  ordinary  stop-cock 
at    the    bottom.     By 
means  of  another  stop- 
cock on  the  left,  com- 
munication   with    the 
receiver  can  be  opened 
or  closed.    These  stop- 
cocks are  made  entirely 
of  glass.     The  machine 
works  in  the  folbwing 
manner:  communication 
being  established  witii 
the    funnel,    the  globe 
which  serves  as  mtern 
is  raised,  and  placed,  as 
shown  in  the  figure,  at 
a  iiigher  level  than  the 
stop-cock  of  the  funnel 
By  the  law  of  equili- 
brium  in  communicat- 
ing vessels,  the  mercury 
fills  the  barometric  tube, 
the  neck  of  the  funnel, 
and  part  of  the  funnel 
JtselE     If  the  communi- 
cation between  the  fun- 
nel and   tube   be  now 
1,    stopped,  and  the  globe 
'_   lowered,  a  Torricellian 
.    vacuum  is  produced  in 
the  upper   part  of  the 
ertical  tube. 
Communication     is 
now  opened  with  the  receiver;   the  air  rushes  into  the  vacuum, 
and  the  column  of  mercury  falls  a  littl&     Communication  is  now 
stopped  between  the  tube  and  receiver,  and  opened  between  the 
tube  and  the  funnel,  the  simple  stop-cock  of  the  funnel  being,  how- 
ever, left  shut.     If  at  this  moment  the  globe  is  replaced  in  the  po»- 
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iion  shown  in  the  figure,  the  air  endeavours  to  escape  by  the  funnel, 
and  it  is  easy  to  allow  it  to  do  sa  Thus,  a  part  of  the  air  of  \he 
receiver  has  been  removed,  and  the  apparatus  is  in  the  same  position 
as  at  the  beginning.  The  operation  described  is  equivalent  to  a 
stroke  of  the  piston  in  the  ordinary  machine,  and  this  process  must 
be  repeated  till  the  receiver  is  exhausted. 

As  the  only  mechanical  parts  of  this  machine  are  glass  stop-cocks, 
which  are  now  executed  with  great  perfection,  it  is  capable  of  giving 
yeiy  good  results.     With  dry  mercury  a  vacuum  of  ^^th  of  an  inch 

may  very  easily  be  obtained.     The  working  of  the  machine,  how- 
ever, is  inconvenient,  and  becomes  exceedingly  laborious  when  the 

receiver  is  large.   It  is  therefore 

employed  directly  only  for  pro- 

dnciDg  a  vacuum  in  very  small 

vessels ;  when  the  spaces  to  be 

exhausted  of  air  are  at  all  large, 

the  operation  is  begun  with  the 

ordinary  machine,  and  the  mer- 
curial air-pump  is  only  em- 
ployed to  render  the  vacuum 

thus  obtained  more  perfect 
1S8A.  BpTengel'B  Air-pnmp. — 

This  instrument,  which  may  be 

i^arded   as  an  improvement 

upon  Geissler's,  is  represented 

in  its  simplest  form   in   Fig. 

146  A.    cd  isB,  glass  tube  longer 

than  a  barometer  tube,  down 

which  mercury  is  allowed  to 

&I1  from  the  funnel  A.      Its 

lower  end  dips  into  the  glass 

vessel  B,  into  which  it  is  fixed 

by  means  of  a  cork.    This  vessel 

has  a  spout  at  its  side,  a  few 

miilimetres    higher   than    the 

lower  end  of  the  tube.     The 

first  portions  of  mercury  which 

nm  down  will  consequently  close  the  tube,  and  prevent  the  pos- 

fflbility  of  air  entering  it  from   below.      The   upper  part  of  cd 

branches  off  at  x  into  a  lateral  tube  communicating  with  the  re- 
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ceiver  R,  which  it  is  required  to  exhaust.  A  convenient  height  for 
the  whole  instrument  is  six  feet.  The  funnel  A  is  supported  by  a 
ring  as  shown  in  the  figure,  or  by  a  board  with  a  hole  cut  in  it.  The 
tube  cd  consists  of  two  parts,  connected  by  a  piece  of  india-rubber 
tubing,  which  can  be  compressed  by  a  clamp  so  as  to  keep  the  tube 
closed  when  desired.  As  ^oon  as  the  mercury  is  allowed  to  run 
down  the  exhaustion  begins,  and  the  whole  length  of  the  tube,  from 
xio  d,  ia  seen  to  be  filled  with  cylinders  of  mercury  separated  by 
cylitiders  of  air,  all  moving  downwards.  Air  and  mercury  escape 
through  the  spout  of  the  bulb  B,  which  is  above  the  basin  H,  where 
the  mercury  is  collected  This  has  to  be  poured  back  from  time  to 
time  into  the  funnel  A,  to  pass  through  the  tube  again  and  again 
until  the  exhaustion  is  completed. 

As  the  exhaustion  is  progressing,  it  will  be  noticed  that  the  inclosed 
air  between  the  mercury  cylinders  becomes  less  and  less,  until  the 
lower  part  of  cd  presents  the  aspect  of  a  continuous  column  of  mer- 
cury about  SO  inches  high.  Towards  this  stage  of  the  operation  a 
considerable  noise  begins  to  be  heard,  similar  to  that  of  a  shaken 
water-hammer,  and  common  to  all  liquids  shaken  in  a  vacuum.  The 
operation  may  be  considered  completed  when  the  column  of  mercury 
does  not  inclose  any  air,  and  when  a  drop  of  mercury  falls  upon  tbe 
top  of  this  column  without  inclosing  the  slightest  air-bubble.  The 
height  of  this  column  now  corresponds  exactly  with  the  height  of  the 
column  of  mercury  in  a  barometer;  or,  what  is  the  same,  it  represents 
a  barometer  whose  vacuum  is  the  receiver  B  and  connecting  tuba 

Dr.  Sprengel  recommends  the  emplojrment  of  an  auxiliary  air-pump 
of  the  ordinary  kind,  to  commence  the  exhaustion  when  time  is  an 
object,  as  without  this  fi"om  20  to  30  minutes  are  required  to  exhaust 
a  receiver  of  the  capacity  of  half  a  litre.  As,  however,  the  employ- 
ment of  the  auxiliary  pump  involves  additional  connections  and  in- 
creased leakage,  it  should  be  avoided  when  the  best  possible  exhaus- 
tion is  desired.  The  fall  tube  must  not  exceed  about  a  tenth  of  an 
inch  in  diameter,  and  special  precautions  must  be  employed  to  make 
the  india-rubber  connections  air-tight.  (See  Chemical  Journal  for 
1865,  p.  9.) 

By  this  instrument  air  has  been  reduced  to  y^^^j^^th  of  atmospheric 
density,  and  the  average  exhaustion  attainable  by  its  use  is  about 
one-millionth,  which  is  equivalent  to  00003  of  an  inch  of  mercury. 

139.  Double  Exhaustion. — In  the  mercurial  machines  just  described 
there  is  no  "untraversed  space,''  as  the  liquid  completely  expels  all 
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the  air  from  the  pump-barreL  These  machines  are  of  very  recent 
inveDtion.  Babinet  long  before  introduced  an  arrangement  for  the 
purpose,  not  of  getting  rid  of  this  space,  but  of  exhausting  it  of  air. 

For  this  purpose,  when  the  machine  ceases  to  work  with  the  ordi- 
nary arrangement,  the  communication  of  the  receiver  with  one  of 
the  pump-lMtrrels  is  shut  off,  and  this  barrel  is  employed  to  exhaust 
the  air  from  the  other.     This  change  is  effected  by  means  of  a  stop- 
cock at  the  point  of  junction  of  the  passages  leading  from  the  two 
barrels  (Fig.  147).    The  stop-cock  has  a  T-shaped  aperture,  the  point 
of  intersection  of  the  two  branches  beinor  in  constant  communication 
with  the  receiver.     In  a  differ- 
ent plane  from  that  of  the  T- 
shaped     aperture    is    another 
aperture  mtn,  which,  by  means 
of  the  tube  I,  establishes  com- 
munication between  the  pump- 
borrel  B  and  the  communicat- 
ing passage  of  the  pump-barrel 
A.    From  this  explanation  it 
will  be  seen  that  if  the  stop- 
cock be  turned  as  shown  in  the 
first  figure,  the  two  pump-bar- 
rels both  communicate  with  the 
receiver,  and  the  operation  pro- 
ceeds in  the  ordinary  manner. 
But  if  the  stop-cock  be  turned 
through  a  quarter  of  a  revolu- 
tion, as  shown  in  the  second  figure,  the  pump-barrel  B  alone  com- 
municates with  the  receiver,  while  it  is  itself  exhausted  of  air  by  the 
barrel  A. 

It  is  easy  to  express  by  a  formula  the  effect  of  this  double 
exhaustion.  Suppose  the  pump  to  have  ceased,  under  the  ordinary 
method  of  worldng,  to  produce  any  farther  exhaustion,  the  air  in 

the  receiver  has  therefore  reached  a  teiftion  nearly  equal  to  H^ 

(§  136).  At  this  moment  the  stop-cock  is  turned  into  its  second 
position.  When  the  piston  B  descends,  the  piston  A  rises,  and  the 
air  of  the  "untraversed  space"  in  B  is  drawn  into  A  and  rarefied. 
During  the  inverse  operation  the  air  in  A  is  prevented  from  returning 
to  B,  and  thus  the  rarefied  air  from  B,  becoming  still  further  rarefied. 


Fig.  147.~BaUii6t*«  DoaUy-ezhawUng  Stopcock. 
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will  draw  a  fresh  quantity  of  air  from  the  receiver.  This  air  will 
then  be  driven  into  A,  where  it  will  be  compressed  by  the  descending 
movement  of  the  piston,  and  will  find  its  way  into  the  air  outade.^ 

This  double  exhaustion  will  itself  cease  to  work  when  air  ceases  to 
pass  from  the  pump-barrel  B  into  the  pump-barrel  A.  Now  when 
the  piston  in  this  latter  is  raised,  the  elastic  force  of  the  air  which 

was  contained  in  its  ''untraversed  space"  is  equal  to  HX,  for  on  the 

last  opening  of  the  valve,  the  air  in  this  space  escaped  into  the  atmo- 
sphere. On  the  other  hand,  when  the  piston  in  B  is  at  the  end  of  its 
upward  stroke,  the  tension  of  the  air  is  the  same  as  in  the  receiver. 
Let  this  be  denoted  by  (c  When  the  piston  in  B  descends  the  air  k 
compressed  into  the  ''untraversed  space''  and  the  passage  leading  to 
A.     Let  the  volume  of  this  passage  be  I.     Then  the  tension  will 

increase,  and  become  x  — i^-     When  the  machine  ceases  to  produce 

any  farther  effect,  this  tension  cannot  be  greater  than  that  in  the 

pump-baiTcl  A,  which  is  H;^;  we  have  thus,  to  determine  the  limit 

to  the  action  of  the  pump,  the  equation 

V  +  i 


X 


^j7^=Hy,  whence 


140.  Air-pump  with  Free  Piston. — ^We  shall  describe  one  more 
air-pump,  constructed  by  Deleuil,  and  founded  upon  an  interesting 
principle.  We  know  that  gases  possess  a  remarkable  power  of  ad- 
hesion for  solids,  so  that  a  body  placed  in  the  atmosphere  may  be 
considered  as  covered  with  a  very  thin  coat  of  air,  forming,  so  to 
speak,  a  permanent  envelopa  On  account  of  this  circumstance,  gases 
find  very  great  diflSculty  in  moving  in  very  narrow  spaces.  On  these 
facts  depends  the  principle  of  what  is  called  the  air-pump  with  free 
piston. 

The  piston  P  (Fig.  149),  which  is  composed  entirely  of  metal,  is  of 
a  considerable  length,  and  on  its  outer  surface  is  a  series  of  parallel 
circular  grooves  very  close  together.  It  does  not  touch  the  pump- 
barrel  at  any  point;  but  the  distance  between  the  two  is  very  small 
about  001  of  an  inch.  This  free  piston  is  surrounded  by  a  cushion 
of  gas,  which  forms  its  only  stuffing,  and  is  sufficient  to  enable  the 

^  It  will  be  observed  that  dnring  the  process  of  double  exhaustion  the  piston  of  B  behaves 
like  a  solid  piston ;  its  valve  never  opens,  because  the  pressure  below  it  is  always  less  than 
atmospheric. 
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machine  to  work  in  the  ordinary  manner,  notwithstanding  the  per- 
manent communication  betveen  the  upper  and  lower  surfaces  of  the 
piston.     This  machine  gives  a  vacuum  about  as  good  as  is  obtainable 
by  ordinary  pumps,  and  it  has  the 
important  advantages  of  not  requir- 
ing oil,  and  of  having  less  friction. 
It  consequently  wears  better,  and  is 
less   liable  to  the  development  of 
lieat,  which  is  a  frequent  source  of 
annoyance    in    air-pumps.      It   is 
single-barrelled  with  double  action, 
like  Bianchi's,    The  two  openings  S 
and  S'  are  to  admit  air  from  the 
receiver ;  they  are  closed  and  opened 
alternately  by  conical  stoppers  at 
the  ends  of  the  rod  T,  which  passes 
through  the  piston,  and  is  carried 
with  it  by  friction  in  its  movement. 
They  communicate  with  tubes  whicli 
unite  at  B'  with  a  tube  leading  from 
the  receiver.     A  and  A'  are  valves 
for  the  expulsion  of  the  air,  which 
escapes  by  tubes  uniting  at  R    Tbe 
alternate  movement  of  the  piston 
is  produced  by  what  is  called  Bela- 
hire's   gearing.      This  depends   on 
the   principle,  that  when  a  circle 
rolls  without  sliding  in  the  int&rior 
Pi.i™  u>d  Bun^'^'toimir.  Air-punp.        9f  anot1i£T  drcU  of  dovhle  the  dia- 
meter, a/ny  -point  on   the  circum- 
ference of  the  rolling  circle  describes  a  diameter  of  the  fixed  circle. 
In  order  to  utilize  this  property,  the  end  of  the  piston-rod  is  jointed 
to  the  extremity  of  a  piece  of  metal  which  is  rigidly  attached  to  the 
pinion  P,  the  joint  being  exactly  opposite  the  circumference  of  the 
pinion.     This  latter  is  driven  by  a  fly-wheel  with  suitable  gearing, 
and  works  with  the  fixed  wheel  E,  which  is  toothed  on  the  inside. 
Thus  the  piston  will  freely,  and  without  any  lateral  effort,  describe 
a  vertical  line,  tbe  length  of  the  stroke  being  equal  to  tbe  diameter 
of  the  fixed  wheel. 
141.  Condensing  Pomp. — It  can  easily  be  seen  from  the  description. 


— Boml  of  CoadenilDg  Fddi] 
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of  the  ur-pump,  that  if  the  expnlaioD-valvea  were  coonected  with  a 

tube  conunuBicating  with  a  reservoir,  the  air  removed  by  the  pump 

wonld  be  forced  into  this 

reservoir.    This  communi- 

tation  is  established  in  the 

iDstmment  just  described. 

If,  therefore,  R'  be  made 

to  communicate  with  the 

external  air,  this  air  will 

berontinually  drawn  in  at 

Ibat  point  and  forced  back 

into   the    reservoir    con- 
nected with  B,  so  that  the 

instnunent  will  act  a^  a 

condensing  pump.     The  condensing 

pamp  ia  thns  seen  to  be  the  same 

instrument  as  the  air-pump,  the 

only  difference  being  that  the  re- 
ceiver is  connected  with  the  expul- 

mn-vaJves,  instead  of  with  the  exhaustion-valves;  it 

is  thus,  so  to  speak,  the  air-pump  reversed. 

This  fact  can  be  very  well  seen  in  the  structure  of 
a  anall  pump  frequently  employed  in  the  laboratory, 
Md  represented  in  Fig.  150. 

At  the  bottom  of  the  pump-baiTcl  are  two  valves, 
fommDnicatiog  with  two  separate  reservoirs,  that 
on  the  left  being  an  admission-valve,  and  that  on 
the  right  an  expulsion-valve. 

When  the  piston  is  now  raised,  rarefaction  is  produced  in  the  re- 
wvoir  to  the  left;  and  when  it  is  pushed  down,  the  air  in  the  re- 
scTToir  to  the  right  is  compressed. 

148.  In  Fig.  1 51  is  represented  a  condensing  pump  often  employed. 
at  the  bottom  of  the  pump-barrel  is  a  valve  b  opening  downward; 
■D  «  lateral  tube  is  an  admission-valve  a  opening  inward.  The 
position  of  these  valves  is  shown  in  the  figure.  They  are  conical 
^iai  stoppers,  fitted  with  a  rod  passing  through  a  hole  in  a  small 
ptite  behind,  an  arrangement  which  prevents  the  valve  from  over- 
toiling. The  rod  is  surrounded  by  asmall  spiral  spring,  which  keeps 
(Ik  valve  pivased  ^^nst  the  opening.  If  now  the  lower  part  of  the 
["nnp-hanel  be  screwed  upon  a  reservoir,  at  each  upward  stroke  of 
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the  piston  the  barrel  will  be  filled  with  air  through  the  valve  a,  and 
at  every  downward  stroke  this  air  will  be  forced  into  the  reservoir. 

If  the  lateral  tube  be  made  to  communicate  with  a  bladder  or  gas- 
holder filled  with  any  gas,  this  gas  will  be  forced  into  the  reservoii*, 
and  compressed 

143.  Oaloulation  of  the  Effect  of  the  Instrument. — ^The  density  of 
the  compressed  air  afber  a  given  number  of  strokes  of  the  piston  may 
easily  be  calculated.  If  v  be  the  volume  of  the  pump-barrel,  and  V 
that  of  the  reservoir;  at  each  stroke  of  the  piston  there  is  forced  into 
the  reservoir  a  volume  of  air  equal  to  that  of  the  pump-barrel,  which 
gives  a  volume  nv  at  the  end  of  n  strokes.  The  air  in  the  re- 
servoir, accordingly,  which  when  at  atmospheric  pressure  had  den- 
sity D,  and  occupied  a  volume  V  i-nv,  will,  when  the  volume  is 

reduced  to  V,  have  the  density  D   y"^>  and  the  pressure  will,  by 

Boyle's  law,  be  — y  -  atmospheres. 

If  this  formula  were  rigorously  applicable  in  all  cases,  there  would 
be  no  limits  to  the  pressure  attainable,  except  those  depending  on 
the  strength  of  the  reservoir  and  the  motive  power  available. 

But,  in  fact,  the  untraversed  space  left  below  the  piston  when  at 
the  end  of  its  downward  stroke,  sets  a  limit  to  the  action  of  the 
instrument,  just  as  in  the  common  air-pump.  For  when  the  air  in 
the  barrel  is  reduced  from  the  volume  of  the  barrel  v  to  that  of  the 

untraversed  space  v\  its  tension  becomes  H^  and  this  air  cannot 

pass  into  the  reservoir  unless  the  tension  of  the  air  in  the  reservoir 
is  less  than  this  quantity.  This  is  accordingly  the  utmost  limit  of 
compression  that  can  be  attained. 

We  must,  however,  carefully  distinguish  between  the  effects  of 
untraversed  space  in  the  air-pump  and  in  the  compression-pump. 
In  the  first  of  these  instruments  the  object  aimed  at  is  to  rarefy  the 
air  to  as  great  a  degree  as  possible,  and  untraversed  space  must  con- 
sequently be  regarded  as  a  defect  of  the  most  serious  importance. 

The  object  of  the  condensing  pump,  on  the  contrary,  is  to  com- 
press the  air,  not  indefinitely,  but  up  to  a  certain  point.  Thus,  for 
instance,  one  pump  is  intended  to  give  a  compression  of  five  atmo- 
spheres, another  of  ten,  &;c.  In  each  of  these  cases  the  maker  pro- 
vides that  this  limit  shall  be  reached,  and  accordingly  the  untraversed 
space  can  have  no  injurious  effect  beyond  increasing  the  number  of 
strokes  required  to  produce  the  desired  amount  of  condensation. 
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m.  Varioiu  ContrinaoeB  for  prodocinff  Oompreaaion. — In  order  to 
expedite  the  process  of  compression,  several  pumps  such  as  we  have 
described  are  combioed,  which  may  be  doue  in  various  ways.  Ftg. 
132  represents  the  system  employed  by  Regnault  in  hia  investi- 
gations connected  with  Boyle's  law  and  the  elastic  force  of  vapoar. 
It  consists  of  three  pumps,  the  pbton-rods  of  which  are  jointed  to 


Fig.  IS2.— Counectod  riimp* 

three  ouuks  on  a  horizontal  axle,  by  means  of  ttiree  connecting-rods 
This  axle,  which  carries  a  fly-wheel,  is  turned  by  means  of  one  or 
two  handles.  The  different  admission-valves  are  in  communication 
with  a  single  reservoir  in  connection  with  the  external  air,  and  the 
ismpressed  gas  is  forced  into  another  reservoir  which  is  in  communi- 
cation with  the  experimental  apparatus. 
A  serious  obstacle  to  the  working  of  these  instruments  is  the  lieat 
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generated  by  the  compression  of  the  air,  which  expands  the  different 
parts  of  the  instrument  unequally,  and  often  renders  the  piston  so 
tight  that  it  can  scarcely  be  driven.  In  some  of  these  instruments 
which  are  employed  .in  the  arts,  this  inconvenience  is  lessened  by 
keeping  the  lower  valves  covered  with  water,  which  has  the  addi- 
tional advantage  of  getting  rid  of  "untraversed  space."  In  this  way 
a  pressure  of  forty  atmospheres  may  easily  be  obtained  with  air. 
Air  may  also  be  compressed  directly,  without  the  intervention  of 
pumps,  when  a  sufficient  height  of  water  can  be  obtained.  It  is  only 
necessary  to  lead  the  liquid  in  a  tube  to  the  bottom  of  a  reservoir 
containing  air.  This  air  will  be  compressed  until  its  tension  exceeds 
that  of  the  atmosphere  by  the  amount  due  to  the  height  of  the  sum- 
mit of  the  tube.  It  is  by  a  contrivance  of  this  kind  that  the  com- 
pressed air  is  obtained  which  drives  the  boring-machines  employed 
in  the  tunnel  through  Mont  Cenis. 

146.  Practical  Applications  of  the  Air-pump  and  of  CompreBsed  Air. 
— Besides  the  use  made  of  the  air-pump  and  the  compression-pump 
in  the  laboratory,  these  instruments  are  variously  employed  in  the 
arts. 

The  air-pump  is  employed  by  sugar-refiners  to  lower  the  boiling 
point  of  the  syrup.  Compression-pumps  are  used  by  soda-water 
manufacturers  to  force  the  carbonic  acid  into  the  reservoirs  contain- 
ing the  water  which  is  to  be  aerated.  The  small  apparatus  described 
above  (Fig.  151)  is  sufficient  for  this  purpose;  it  is  only  necessary  to 
fill  the  side-vessel  with  carbonic  acid,  and  to  pour  a  certain  quantity 
of  water  into  the  reservoir  below.  Compressed  air  has  for  several 
years  been  employed  to  assist  in  laying  the  foundations  of  bridges  in 
rivers  where  the  sandy  nature  of  the  soil  requires  very  deep  excava- 
tions. Large  tubes  called  caissons,  in  connection  with  a  condensing 
pump,  are  gradually  let  down  into  the  river;  the  air  by  its  pressure 
keeps  out  the  water,  and  the  workmen,  who  are  admitted  into  the 
apparatus  by  a  sort  of  lock,  are  thus  enabled  to  walk  on  dry  ground. 

In  pneumatic  despatch  tubes,  which  have  recently  been  established 
in  many  places,  a  kind  of  train  is  employed,  consisting  of  a  piston 
preceded  by  boxes  containing  the  despatches.  By  exhausting  the 
air  at  the  forward  end  of  the  tube,  or  forcing  in  compressed  air  at 
the  other  end,  the  train  is  blown  through  the  tube  with  great  velo- 
city. 

The  atmospheric  railway,  which  was  for  a  few  years  in  existence, 
was  worked  upon  the  same  principle:  an  air-tight  piston  travelled 
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tbrough  a  fixed  tube,  and  was  connected  by  an  ingenious  arrange* 
ment'with  the  train  above. 

Excavating  machines  driven  by  compressed  air  are  coming  into 
extensive  use  in  mining  operationa  They  have  the  advantage  of 
assisting  ventilation,  inasmuch  as  the  compressed  air,  which  at  each 
stroke  of  the  machine  escapes  into  the  air  of  the  mine,  cools  as  it 
expands. 

In  the  air-gun  the  bullet  is  projected  by  a  portion  of  compressed 
air  which,  on  pulling  the  trigger,  escapes  into  the  barrel  from  a  re- 
servoir in  which  it  has  been  artificially  compressed. 

We  may  add  that  the  laige  machines  employed  in  iron-works  for 
supplying  air  to  the  furnaces,  are  really  compression-pumps. 


CHAPTEK   XVL 


UPWARD   PRESSUBE   OF   THE   Aia 


146.  The  Baroscope. — ^Atmospheric  air  exerts,  as  we  have  ah^y 
mentioned  (§  101),  an  upward  pressure  on  bodies  surrounded  by  it 
This  pressure,  according  to  the  principle  of  Archimedes,  which  applies 
to  gases  as  well  as  to  liquids,  is  equal  to  the  weight  of  the  air  dis- 
placed. Hence  it  follows  that  the  weight  of  a  body  in  the  air  is  not  its 
actual  weight,  but  differs  from  it  by  a  quantity  equal  to  the  upward 
pressure  on  the  body.  This  principle  is  illustrated  by  the  baroscope 
This  is  a  kind  of  balance,  the  beam  of  which  supports  two  balls  of 
very  unequal  sizes,  which  balance  each  other  in  the  air.     If  the 

apparatus  is  placed  under  the  re- 
ceiver of  an  air-pump,  after  a  few 
strokes  of  the  piston,  the  beam  will 
be  seen  to  incline  towards  the  larger 
ball,  and  the  inclination  will  in- 
crease as  the  exhaustion  proceeds. 
The  reason  is  that  the  air,  before  it 
was  pumped  out,  produced  an  up- 
ward pressure,  which  is  now  re- 
moved. The  weight  of  each  ball  is 
thus  increased  by  that  of  an  equal 
volume  of  air,  whose  density  is  the 
difference  between  the  densities  at 
the  beginning  and  end  of  the  experiment.  This  addition  is  greater 
for  the  larger  ball,  which  therefore  preponderates. 

If  after  exhausting  the  air,  carbonic  acid,  which  is  heavier  than  air, 
were  allowed  to  enter  the  receiver,  the  large  ball  would  be  subjected 
to  a  greater  increase  of  upward  pressure  than  the  small  one,  and  the 
beam  would  incline  to  the  side  of  the  latter. 


Fig.  153.— Baroscope. 


147.  B&UooaB. — Suppose  a  body  to  be  lighter  than  an  equal  volume 
of  air,  then  this  body  will  rise  in  tbe  atmosphere.  For  example,  if 
we  fill  Boap-bubbles  with  hydrogen,  and  shake  them  off  from  the  end 
of  tbe  tube  at  which  they  are  formed,  they  will  be  seen,  if  sufficiently 
lai^,  to  ascend  in  the  air.  This  curious  experiment  is  due  to  the 
pbilosopher  Cavallo,  who  announced  it  in  1782.* 

Tbe  same  principle  applies  to  balloons,  which  may  essentially  be 
reduced  to  an  envelope  inclosing  a  gas  lighter  than  air.  In  conse- 
quence of  this  diETerence  of  density,  we  can  always,  by  taking  a 
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sufficiently  large  volume,  make  the  weight  of  the  gas  and  containing 
varelope  less  than  that  of  the  air  displaced.  In  this  case  the  balloon 
vill  ascend. 

The  invention  of  balloons  is  due  to  the  brothers  Joseph  and  Stephen 
IHootgolfier.     The  balloons  made  by  them  were  globe-shaped,  and 

'  Tha  fint  idu  of  »  balloon  miut  be  attributed  to  Froncisco  Je  Lank,  who,  about 
'^'"i  prcposed  to  eib&uat  the  air  in  globea  oF  copper  of  aufficient  lize  and  thinness  to  weigh 
<"*,  under  these  conditions,  ttum  the  mi  diiplaced.  The  experiment  wu  not  tried,  and 
■Mid  eertimly  not  twTe  mcoteded,  for  the  pteesme  of  the  atmosphere  would  bme  caused 
lie  globes  to  oolls^ne.  The  theoij,  however,  was  thoroughly  understood  by  the  author, 
■in)  Bade  an  exaot  nJ'Trlatirn  of  the  amount  of  foroe  tending  to  inaLe  the  globea  aaoetid. 
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constructed  of  paper,  or  of  paper  covered  with  cloth,  the  air  inside 
being  rarefied  by  the  action  of  heat.  It  is  curious  to  remark  that  in 
their  first  attempts  tliey  employed  hydrogen  gaa,  and  showed  that 
balloons  filled  with  this  gas  could  ascend.  But  as  the  hydrogen 
readily  escaped  through  the  paper,  the  flight  of  the  balloons  was 
short,  and  thus  the  use  of  hydrogen  was  abandoned,  and  hot  air  was 
alone  employed. 

The  name  mordgolfiires  is  still  applied  in  France  to  fire-balloons. 
They  generally  consist  of  an  envelope  with  a  wide  opening  below, 


under  which  is  hung  a  brazier,'  in  which,  at  the  moment  of  ascent, 
combustibles  are  placed,  and  the  ascending  power  of  the  balloon  is 
thus  kept  up  for  some  time. 

The  first  public  experiment  of  the  ascent  of  a  balloon  "wbs  per- 
formed at  Annonay  on  the  5tb  June,  1783.  On  October  21st  of  tliti 
same  year,  Pilatre  de  Eozier  and  the  Marquis  d'Arlandes  achievec 
the  first  aerial  voyage  in  a  fire-balloon,  represented  in  our  figure. 

Charles  proposed  to  reintroduce  the  use  of  hydrogen  by  employlni 

'  A.  (pongo,  dipped  in  a;Nrila  of  wine,  tod  ignited,  ia  ti«quentlf  empbyed  ««  the  aotin 
of  best,  sad  i>  fixed  in  its  place  bjr  a  ligbt  wire- frame. 
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an  envelope  impermeable  to  the  ga&  This  is  usually  made  of  silk 
yamished  on  both  sides,  or  of  two  sheets  of  silk  with  a  sheet  of  india- 
rabber  between.  Instead  of  hydrogen,  coal-gas  is  now  generally 
employed,  on  account  of  its  <^eapness  and  of  the  feudlity  with  which 
it  can  be  procured. 

148.  Bnoyanoy. — ^The  buoyancy  or  lifting  power  of  a  balloon  is  the 
difference  between  its  weight  and  that  of  the  air  displaced.  It  is 
easy  to  compare  the  three  modes  of  inflation  with  respect  to  the 
buoyancy  which  they  respectively  afford. 

A  cubic  metre  of  air  weighs 1*800  gnunme«i 

A  cubic  metre  of  hydrc^n '089        „ 

A  cubic  metre  of  coal-gas about  '750        f, 

A  cubic  metre  of  air  heated  to  200''  Cent '800        „ 

We  thus  see  that  the  buoyancy  per  cubic  metre  with  hydrogen  is 
I '211,  with  coal-gas  *550,  and  with  hot  air  about  '500  grammes.  If, 
for  instance,  the  total  weight  to  be  raised  is  estimated  at  1500 
grammes,  the  volume  of  a  balloon  filled  with  hydrogen  capable  of 

raising  the  weight  wiU  be  1:210  ^■'^^^^  cubic  metrea    If  coal-gas  were 
employed  the  required  volume  would  be  igg^-  =  2727  cubic  metre& 

The  car  in  which  the  aeronauts  sit  is  usually  made  of  wicker-work 
or  whalebona  It  is  sustained  by  cords  attached  to  a  net-work 
covering  the  entire  upper  half  of  the  balloon,  so  as  to  distribute  the 
weight  as  evenly  as  possible.  The  balloon  terminates  below  in  a 
kind  of  neck  opening  freely  into  the  air.  At  the  top  there  is  another 
opening  in  the  inside,  which  is  closed  by  a  valve  held  to  by  a  spring. 
Attached  to  the  valve  is  a  cord  which  passes  through  the  interior  of 
the  balloon,  and  hangs  above  the  car  within  reach  of  the  hand  of  the 
aeronaut. 

When  the  aeronaut  wishes  to  descend,  he  opens  the  valve  for  a 
few  moments  and  allows  some  of  the  gas  to  escap&  An  important 
part  of  the  equipment  consists  of  sand-bags  for  ballast,  which  are 
gradually  emptied  to  check  too  rapid  descent  In  the  figure  is 
represented  a  contrivance  called  a  parachute,  by  means  of  which  the 
descent  is  sometimes  effected.  This  is  a  kind  of  large  umbrella  with 
a  hole  at  the  top,  from  the  circumference  of  which  hang  cords  sup- 
porting a  small  car.  When  the  parachute  is  left  to  itself,  it  opens 
out,  and  the  resistance  of  the  air,  acting  upon  a  large  surface, 
moderates  the  rate  of  descent  The  hole  at  the  top  is  essential  to 
safety,  aa  it  affords  a  regular  passage  for  air  which  would  otherwise 
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escape  from  time  to  time  from  under  the  edge  of  the  parachute,  thus 
producing  oscillations  which  might  prove  fatal  to  the  aeronaut. 
One  very  important  precaution  to  be  observed  is  not  to  inflate  the 
balloon  completely  at  the 
commencement  of  the  ascent 
The  reason  is,  that  tbe  atr 
mospheric  pressure  diminish- 
ing as  the  balloon  ascends, 
the  expansive  power  of  the 
gas  contained  produces  an 
increasing  effect,  as  in  the  ex- 
periment described  in  §  18, 
and  the  result  would  pro- 
bably be  tbe  burating  of  the 
balloon.  As  the  balloon  as- 
cends, it  increases  in  volume; 
but  until  it  IS  completely 
inflated,  the  buoyancy  re- 
'  mains  constant.  Suppose, 
for  instance,  that  the  atmo- 
spheric pressure  is  reduced 
by  one -half,  the  volume  of 
'^■'--..  the  balloon  will  bedoubled; 

:..-■-  '-•'   _        -")'.-.       it  will  thus  displace  a  volume 

-  ^  yS^  of  air  twice  as  great  as  before, 
.jfi^-'-u -•'^"^^jfV'S^;^  iii^ji>r  ^^^  'l*®  density  of  this  air 
^^Sf^^^S^ai^^T'^^^  ~~  ^!v^y'  will  only  be  half  as  much, 
so  that  the  buoyancy  remains 
the  same.  This  codcIusiod, 
however,  is  not  quite  exact,  because  part  of  tbe  balloon,  as  the  cords, 
the  car,  &c,  are  of  invariable  volume ;  the  density  of  the  air  displaced 
by  them  is  constantly  diminishing,  and  consequently  the  buoyancy 
diminishes  alsa  If  the  balloon  continues  to  rise  after  it  is  com- 
pletely inflated,  its  buoyancy  diminishes  rapidly,  becoming  zero  when 
a  stratum  of  air  is  reached  in  which  the  weight  of  the  volume  dis- 
placed is  equal  to  that  of  the  balloon  itselfl  It  is  carried  past  this 
stratum  in  the  first  instance  in  virtue  of  tbe  velocity  which  it  has 
acquired,  and  finally  comes  to  rest  in  it  after  a  number  of  osdllatioas. 
149.  Theory  of  the  BaUoo]i.~^The  tension  of  the  air  in  this  etntum, 
the  radius  of  the  balloon,  and  the  weight  of  the  different  parts,  are 
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connected  by  a  relation  which  can  be  very  easily  established,  if  we 
neglect  variations  of  temperature,  and  which  may  serve  as  a  guide  in 
the  construction  of  the  balloon.  If  Y  be  the  volume  of  the  balloon 
in  litres,  the  weight  of  air  displaced  in  grammes  ia^ 

1-293  v^*j,. 

h  being  the  pressure  in  the  stratum  of  equilibrium,  and  H  that  at  the 
surface  of  the  earth.  If  w  and  v  be  the  weight  and  volume  of  the 
solid  parts,  including  the  aeronauts  themselves,  d  the  density  of  the 

gas  in  the  balloon,  the  equation  of  equilibrium  will  be  (V+v)  1-293  jv 

In  this  equation  w  and  v  include  the  weight  and  volume  of  the 
substance  composing  the  balloon  and  net*work,  and  therefore  are  not 
altogether  independent  of  V,  the  volume  of  the  balloon.  The  equa- 
tion is  thus  in  reality  rather  complicated,  but  it  may  be  solved  approxi- 
mately by  trial,  or  by  known  algebraic  methods,  and  we  may  find 
&om  it  the  size  of  balloon  necessary  for  reaching  a  stratum  of  a  given 
pressure;  and  by  §  112  we  can  find  the  height  corresponding  to  this 
pressure. 

ISO.  BflTect  of  the  Air  upon  the  Weight  of  Bodies. — The  upward 
pressure  of  the  air  impairs  the  exactness  of  weights  obtained  even 
with  a  perfectly  true  balance,  tending,  by  the  principle  of  the  baro- 
scope, to  make  the  denser  of  two  equal  masses  preponderate.  The 
stamped  weights  used  in  weighing  are,  strictly  speaking,  standards  of 
mass,  and  will  equilibrate  any  equal  masses  in  vacuo;  but  in  air  the 
quilibrium  will  be  destroyed  by  the  greater  upward  pressure  of  the 
air  upon  the  larger  and  less  dense  body.  When  the  specific  gravities 
of  the  weights  and  of  the  body  weighed  are  known,  it  is  easy  from 
the  apparent  weight  to  deduce  the  true  weight  (that  is  to  say,  the 
mass)  of  the  body. 

Let  a:  be  the  real  weight  of  a  body  which  balances  a  weight  marked 
P  pounds. 

The  apparent  weight  of  the  body  is  a;— ^  a=x  (l  — ^),  D  being 
the  density  of  the  body,  and  a  that  of  air.'    The  body  marked  as 

^  The  weight  of  a  litre  (or  cubic  decimetre  =  61  *027  cubic  inches)  of  dry  air  at  tempera- 
tore  0*  Centw,  and  pressure  of  760  millimetres  of  mereury,  is  1*293  grammes.  Beduced  to 
BritUh  measure,  this  gives  32*7  grains  as  the  weight  of  100  cubic  inches. 

'  The  value  of  a  varies  according  to  the  temperature  and  pressure  (see  Chap,  zxiu.)    Its 

otdinarv  value  is  about  JL,    (See  §  100.) 
J  770      ^  ' 


214j  upward  pressure  of  the  air 

weighing  P  pounds   has  in  air  the  apparent  weight  P— ^a=P 

(I— ^),  M  denoting  the  density  of  the  substance  of  which  it  is  com- 
posed. These  two  apparent  weights  balance  one  another;  hence  we 
have  the  equation 

'0-B)=P(l-fi)' 
whence 

«=P— ^=^  jl  +  «(i-i)j  nearly. 
"D 

Let  us  take,  for  instance,  a  piece  of  sulphur  whose  weight  has  been 
found  to  be  100  grains,  the  weights  being  of  copper,  the  density  of 
which  is  8  "8.     The  density  of  sulphur  is  2. 

We  have,  by  applying  the  formula, 


a:  =  100  I  l  +  77o(2"F8)  I  =^<^^'05  8^*^^- 


We  see  then  that  the  difference  is  not  altogether  insensible.     It 
varies  in  sign,  as  the  formula  shows,  according  as  M  or  D  is  the 
greater.     When  the  density  of  the  body  to  be  weighed  is  less  than 
that  of  the  weights  used,  the  real  weight  is  greater  than  the  apparent 
weight;   if  the  contrary,  the  case  is  reversed.     If  the  body  to  be 
weighed  were  of  the  same  density  as  the  weights  used,  the  real  and 
apparent  weights  would  be  equal     We  may  remark,  that  ia  deter- 
mining the  ratio  of  the  weights  of  two  bodies  of  the  same  density,  we 
need  not  concern  ourselves  with  the  eflFect  of  the  upward  pressure  of 
the  air,  as  the  correcting  factor,  which  has  the  same  value  for  both 
cases,  will  disappear  in  the  quotient 
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pump-barrel  traversed  by  a  piston,  and  commuDicating  by  means  of 
a  smaller  tube,  called  the  suction-tube,  with  the  water  in  the  pump- 
weiL  At  the  junction  of  the  pump-barrel  and  the  tube  is  a  valve 
opening  upward,  called  the  suction-valve,  and  in  the  piston  is  an 
opening  closed  by  another  valve,  also  opening  upward. 

Suppose  now  the  suction-tube  to  be  filled  with  air  at  the  atmo- 
spheric pressure,  and  the  water  consequently  to  be  at  the  same  level 
inside  the  tube  and  in  the  well.  Suppose 
the  piston  to  be  at  the  end  of  its  downward 
stroke,  and  to  be  now  raised.  This  motion 
tends  to  produce  a  vacuum  below  the  pis- 
ton, hence  the  air  contained  ia  the  auctioQ- 
tube  will  open  the  suction-valve,  and  rush 
into  the  pump-barreL  Its  elastic  force 
being  thus  diminished,  the  atmosphmc 
pressure  will  cause  the  water  to  rise  is  tbo 
tube  to  a  height  such  that  the  pressure  due 
to  this  height,  increased  by  the  pressure 
of  the  air  inside,  will  exactly  counter- 
balance the  pressure  of  the  atmoefihere.  If 
the  piston  now  descends,  the  suction-valve 
closes,  the  water  remains  at  the  level  to 
which  it  has  been  raised,  and  the  air,  being 
compressed  in  the  barrel,  opens  the  piston- 
valve  and  escapes.  At  the  nest  stroke 
of  the  piston  the  water  will  rise  still  further, 
and  a  fresh  portion  of  air  will  escape. 

If,  then,  the  length  of  the  suction-tube 
is  less  than  about  30  feet,  the  water  will, 
alter  a  certain  number  of  strokes  of  the  piston,  be  able  to  reach  the 
suction-valve  and  rise  into  the  pump-barreL  When  this  point  has 
been  reached  the  action  changes.  The  piston  in  its  downward  stroke 
compresses  the  air,  which  escapes  tlirough  it,  but  the  water  also 
passes  through,  so  that  the  piston  when  at  the  bottom  of  the  pump- 
barrel  will  have  above  it  all  the  water  which  has  previously  risen  into 
the  barrel.  If  the  piston  be  now  raised,  supposing  the  total  height  to 
which  it  is  raised  to  be  rot  more  than  34  feet  above  the  level  of  the 
water  in  the  well,  as  should  always  be  the  case,  the  water  will  follow 
it  in  its  upward  movement,  and  will  fill  the  pump-barrel.  In  the 
downward  stroke  this  water  will  be  forced  through  the  piston-valve. 
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and  in  the  foUowing  upward  stroke  will  be  dischargecl  at  the  spout. 
A  fresh  quantity  of  water  will  by  this  time  have  risen  into  the  pump- 
barrel,  and  the  same  operations  will  be  repeated. 

We  thus  see  that  from  the  time  when  the  water  has  entered  the 
pump-barrel,  at  each  upward  stroke  of  the  piston  a  volume  of  water 
is  ejected  equal  to  the  contents  of  the  pump-barreL 

In  order  that  the  water  may  be  able  to  rise  into  the  pump-barrel, 
the  suction- valve  must  not  be  more  than  34  feet  above  the  level  of 
the  water  in  the  well,  otherwise  the  water  would  stop  at  a  certain 
point  of  the  tube,  and  could  not  be  raised  higher  by  any  farther 
motion  of  the  piston. 

Moreover,  in  order  that  the  working  of  the  pump  may  be  such  as 
we  have  described,  that  is,  that  at  each  upward  stroke  of  the  piston 
a  quantity  of  water  may  be  removed  equal  to  the  volume  of  the 
pomp-barrel,  it  is  necessary  that  the  piston  when  at  the  top  of  its 
stroke  should  not  be  more  than  34  feet  above  the  water  in  the  welL 

IM.  Condition  that  the  Water  may  reach  the  Pamp-barrel. — If  the 
piston  does  not  descend  to  the  bottom  of  the  barrel,  the  water  may 
fell  short  of  rising  to  the  suction- valve,  even  though  the  total  height 
reached  by  the  piston  be  less  than  34  feet  For,  if  the  piston  when 
at  the  end  of  its  downward  stroke  leaves  below  it  a  space  containing 
air,  the  tension  which  this  air  possesses  when  the  piston  is  raised 
diminishes  by  a  corresponding  quantity  the  height  to  which  the  water 
can  attain.  If,  for  instance,  the  length  of  the  suction- tube  is  33'5  feet, 
and  the  tension  of  the  air  remaining  above  it  is,  when  at  its  least 
value,  equal  to  the  pressure  of  1  foot  of  water,  it  is  evident  that  the 
total  height  to  which  the  water  can  rise  will  be  less  than  33  feet,  and 
it  toU,  in  consequence,  be  unable  to  reach  the  pump-barreL 

Example.  The  suction-valve  of  a  pump  is  at  a  height  of  27  feet 
above  the  surface  of  the  water,  and  the  piston,  the  entire  length  of 
whose  stroke  is  78  inches,  when  at  the  lowest  point  is  3*1  inches  from 
the  fixed  valve;  find  whether  the  water  will  be  able  to  rise  into  the 
pnmp-barreL 

When  the  piston  is  at  the  end  of  its  downward  stroke,  the  air 
which  it  leaves  below  it  is  at  the  atmospheric  pressure ;  when  the 
piston  is  raised  this  air  becomes  rarefied,  and  its  pressure,  by  Boyle's 

8*1 

law,  becomes  ^-^  that  of  the  atmosphere;  this  pressure  can  therefore 

3*1 

balance  a  column  of  water  whose  height  is  34  X  j^r^  feet,  or  9*67  feet. 
Hence,  the  maximum  height  to  which  the  water  can  attain  is  34  — 
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9 '67  feet =24*33  feet ;  and  consequently,  as  the  suction-tube  is  27  feet 
long,  the  water  will  not  rise  into  the  pump-barrel,  even  suppoaiiig 
the  pump  to  be  perfectly  free  from  leakaga 

Practically,  the  pump-barrel  should  not  be  more  than  about  25  feet 
above  the  surface  of  the  water  in  the  well ;  but  the  spout  may  be 
more  than  34  feet  above  the  barrel,  as  the  water  after  rising  above 
the  piston  is  simply  pushed  up  by  the  latter,  an  operation  which  is 
independent  of  atmospheric  pressure.  Pumps  in  which  the  spout  is 
at  a  great  height  above  the  barrel  are  commonly  called  lift-pumps, 
but  they  are  not  essentially  different  from  the  suction-pump. 

155.  Force  necessary  to  raise  the  Piston. — The  force  which  must  be 
expended  in  order  to  raise  the  piston,  is  equal  to  the  weight  of  a 
column  of  water,  whose  base  is  the  section  of  the  piston,  and  whose 
height  is  that  to  which  the  water  is  raised.  Let  S  be  the  section  of 
the  piston,  P  the  atmospheric  pressure  upon  this  area,  h  the  height  of 
the  column  of  water  which  is  above  the  piston  in  its  present  position, 
and  h'  the  height  of  the  column  of  water  below  it ;  then  the  upper 
surface  of  the  piston  Ls  subjected  to  a  pressure  equal  to  P+SA;  the 
lower  face  is  subjected  to  a  pressure  in  the  opposite  direction  equal 
to  P — 8h\  and  the  entire  downward  pressure  is  represented  by  the 
difference  between  these  two,  that  is,  by  S  (h+li). 

The  same  conclusion  would  be  arrived  at  even  if  the  water  had  not 
yet  reached  the  piston.  In  this  case,  let  I  be  the  height  of  the  column 
of  water  raised;  then  the  pressure  below  the  piston  is  P— SZ;  the 
pressure  above  is  simply  the  atmospheric  pressure  P,  and,  conse- 
quently, the  difference  of  these  pressures  acts  downward,  and  its  value 
isSZ. 

156.  Efficiency  of  Pomps. —From  the  results  of  last  section  it  would 
appear  that  the  force  required  to  raise  the  piston,  multiplied  by  the 
height  through  which  it-  is  raised,  is  equal  to  the  weight  of  water 
discharged  multiplied  by  the  height  of  the  spout  above  the  water  in 
the  welL  This  is  an  illustration  of  the  principle  of  work  (§  17a). 
As  this  result  has  been  obtained  from  merely  statical  considerations, 
and  on  the  hypothesis  of  no  friction,  it  presents  too  favourable  a  view 
of  the  actual  efficiency  of  the  pump. 

Besides  the  friction  of  the  solid  parts  of  the  mechanism,  there  is 
work  wasted  in  generating  the  velocity  with  which  the  fluid,  as  a 
whole,  is  discharged  at  the  spout,  and  also  in  producing  eddies  and 
other  internal  motions  of  the  fluid.  These  eddies  are  especially  pro- 
duced at  the  sudden  enlargements  and  contractions  of  the  passages 
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throngh  which  the  fiuid  flowa  To  these  dravbackE  must  be  added 
loss  from  leakage  of  water,  and  at  the  commencement  of  the  opera- 
tian  from  leakage  of  air,  through  the  valves  and  at  the  circumference 
of  the  pistoD.  In  common  household  pumps,  which  are  generaJly 
roughly  made,  the  effi.ciency  may  be  as  small  as  '23  or  3 ;  that  is  to 
say,  the  product  of  the  weight  of  water  raised,  and  the  height 
through  which  it  is  raised,  may  be  less  than  the  work  done  in  driving 
the  pump  in  the  ratio  of  one  of  these  numbers  to  unity. 

In  Figs,  159  and  160  are  shown  the  means  usually  employed  for 
working  the  piaton.  The  first  figure  needs  no  explanation;  it  will 
be  seen  that  the  upward  and 
downward  movement  of  the  pis- 
ton is  efiected  by  means  of  a  lever. 
The  second  figure  represents  an 
arrangement  oflen  employed,  in 
which   the   alternate    motion   of 


the  piston  is  effected  by  means  of  a  rotatory  motion.      For  this 
purpose  the  piston-rod  T  is  joined  by  means  of  the  connecting-rod 
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by  a  handle  attached  to  the  fly^ 

mmp  consists  of  a  pump-barrel 
;he  bottom  a  valv^  opening  up- 
ward. In  communicatioD  with 
the  pump- barrel  is  a  side-tube 
with  a  valve  at  the  point  of 
junction    opening    from   the 
barrel  into  the  tube.    A  solid 
piston  moves  up  and  down  the 
pump-barrel,  and  it  is  evident 
that  when  this  piston  is  raised, 
water  enters  the  barrel  by  the 
lower  valve,  and  that  when 
the  piston  descends,  this  water 
is  forced  into  the  side-tube. 
The  greater  the  height  of  this 
tube,  the  greater  will  be  the 
n,  for  the  resistance  to  be  over- 
m  of  water  raised, 
has  a  short  suction-pipe  leading 
n  Fig.  163.      In  this  case  the 
nto  the  barrel  by  atmospheric 
forced  fi-om  the  barrel  into  the 

which  the  water  is  to  be  forced 
rts  of  the  pump  must  be  very 
1  order  to  resist  the  enormous 
water,  and  to  prevent  leakaga 
d  with  tow  or  leather  washers 
iolid  cylinder  of  metal  called  a 
on  of  a  pump  thus  constructed. 
I  the  barrel,  and  passes  through 
t.  The  volume  of  water  which 
i  is  expelled  at  the  down-stroke, 
b  of  the  plunger  equal  to  the 
pressure  to  be  overcome  is  pro- 
not  to  that  of  the  barrel  Aathe 
[n  the  water,  and  would  even- 
were  it  not  permitted  to  escape. 
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Fw  this  purpose  the  plunger  is  pierced  with  a  narrow  paaaage,  which 
ia  opened  from  time  to  time  to  blow  out  the  air. 

The  drainage  of  deep 
mines  is  usually  effected  by 
a  series  of  pumps.  The  water 
is  first  raised  by  one  pump 
to  a  reservoir,  into  which 
dips  the  suction-tube  of  a 
second  pump,  which  sends 
the  water  up  to  a  second 
reservoir,  and  so  on.  The 
piston-rods  of  the  different 
pumps  are  all  joined  to  a 
single  rod  called  the  epear, 
vhicb  receives  its  motion 
from  a  steam-engine. 

159.    Fire-engine. — Tlie 
ordinary  fire-engine  is  form- 
ed by  the  union  of  two  foro- 
ing-pumps  which  play  into     '-^  -  t-  ..  ■   — 
a  common   reservoir,  con-  fij,  ws.  iij.  i«i, 

.....  , .  SuoUnB  and  Fotta  Pump. 

tftining  m  its  upper  portion 

(called  the  air-chamber)  air  compressed  by  the  working  of  the  engine- 
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A  tube  dips  into  the  water  in  this  reservoir,  and  to  the  upper  end 
of  this  tube  ifl  screwed  the  leather  hose  through  which  the  water  is 
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discharged.  The  pistoii-rodi)  are  jointed  to  a  lerer,  the  ends  of  vhich 
are  raised  and  depressed  alternately,  so  that  one  piston  is  ascending 
while  the  other  is  descending.  Water  is  thus  continually  being  forced 
into  the  common  reservoir  except  at  the  instant  of  revemng  Btroke> 
and  as  tlie  compressed  air  in  the  air-chamber  performs  the  part  of  a 
reservoir  of  work  (nearly  analogous  to  the  fly-wheel),  the  discharge 
of  water  from  the  nozzle  of  the  hose  is  very  steady. 

The  engine  is  sometimes  supplied  with  water  by  means  of  an 
attached  cistern  (as  in  Fig.  162)  into  which  water  is  poured;  but  it 
is  more  usually  furnished  with  a  suction-pipe  which  renders  it  self- 
feeding. 

160.  Doable-ACtinff  Pnmps. — These  pumps,  the  invention  of  which 
is  due  to  Delahire,  are  often  employed  for  household  purposes.    They 
consist  of  a  pump-barrel  VV  (Fig.  165),  with  four  openings  in  it,  A,  A', 
B,B'.     The  openings  A  and  B'  are  in  communication  with  the  suction- 
tube  C;  A'  and  B  are  in  communication  with 
the  ejection-tube  C      The  four  openings  are 
fitted  with  four  valves  opening  all  in  the  same 
direction,  that  is,  fivm  right  to  lell,  whence  it 
follows  that  A  and  B'  act  as  suction-valves,  and 
A'  and  B  as  ejection- valves,  and,  conseqaently, 
in  whichever  direction  the  piston  m»y  be  moving, 
the  suction  and  ejection  of  water  are  taidng  place 
at  the  same  time. 

161.  Eotatory  Pump. — Double-acting  pumps 
produce  a  continuous  suction  of  water.  The 
same  end  may  be  attained  by  nreana  of  rotatory 
pumps,  which  are  largely  used  in  some  countries. 
The  figure  represents  one  of  these  pumps  as  con- 
structed by  Dietz. 

The  pump-barrel  consists  of  a  cylindrical  drum 
B  (Fig.  166),  containing  within  it  a  second  cylin- 
der A,  of  less  diameter,  and  of  nearly  the  same 
Di>ubL™tiI.l*Puni .         length,  open  at  the  ends,  which  caji  be  turned 
about  its  axis  by  means  of  a  handle;  around  this 
axis  is  a  cam  or  guide  mn  m'n',  rigidly  fixed  to  one  of  the  ends  of 
the  drum  S.     In  the  box  A  are  four  slits,  into  which  fit  four  blades 
p;  these  latter  are  constantly  guided  by  the  movement  of  one  of 
their  ends  upon  the  cam,  while  the  other  ends  move  along  the  inte- 
rior surface  of  the  drum  B,  and  the  broad  iron  plate  b'a'  ab,  whose 
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distance  from  the  cam  ia  everywhere  equal  \o  the  length  of  one  of 

t^  bladea     By  meana  of  two  holes  in  this  plate,  commuoication  is 

established  hetween  the  pump-harrel 

and  the  aucUoD-tube  G,  and  between 

tbe  pump-barrel  and  the  eJectioD-tube 

C   From  this  arrangement  it  follows, 

tbat  OD  causing  tbe  box  A  to  rotate  in 

the  direction  shown  by  the  arrow,  a 

partial  vacuum  will  be  produced  be- 

biiid  the  tongues,  and  the  water  will 

be  drawn  in  at  this  side,  and  ejected 

at  the  opposite  side, 

162.  Hydraalio  Preaa.— The  hydrau- 
lic press  (Fig.  167)  consists  of  asuction 
and  force  pump  ao  worked  by  means 
of  a  lever  turning  about  an  axis  O. 

The  water  drawn  from  the  reservoir  Fig.  leo.— RootorT  PaniiL 

BB*  is  forced  along  the  tube  CC  into 

the  cistern  V.     In   the  top  of  the  cistern  ia  an  opening  through 
which   moves   a   heavy  metal   plunger  AA.     This    carries   on   its 


Dpper  end  a  large  plate  BB,  upon  which  are  placed  the  objeets  to 
be  pressed.  Suppose  the  cistern  V  to  be  at  first  empty,  and  the 
piston  A  to  be  carried  by  its  own  weight  to  the  bottom  of  the 
dstem;  under  these  circumstances,  suppose  the  pump  to  begin  to 
work.  The  cistern  first  begins  to  fill  with  water;  then  the  pressure 
exerted  by  the  piston  of  the  pump  ia  transmitted,  according  to  the 
principles  laid  down  in  §  63,  to  the  bottom  of  tbe  piston  A ;  this  pistoQ 
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accordingly  riaes,  and  Ihe  objecta  to  be  pressed,  being  intercepted 
between  the  plate  and  the  top  of  a  fixed  frame,  are  subjected  to  the 
transmitted  pressure.  The  amount  of  this  pressure  depends  both  on 
the  lutiu  of  the  sections  of  the  pistons  and  on  the  length  of  the  lever 
used  to  work  tlie  force-pump.  Suppose,  for  instance,  that  the  dis- 
tance of  the  point  m,  where  the  hand  is  applied,  from  the  point  O,  is 
equal  to  twelve  times  the  distance  10,  and  suppose  the  force  exerted 
to  be  equal  to  fifty  pounds.  By  the  principle  of  the  lever  this  is 
equivalent  to  a  force  of  jO  X  1 2  at  the  point  I;  and  if  the  section  of 
the  piston  A  be  at  the  same  time  100  times  that  of  tbe  pbton  of  the 
pump,  the  pressure  transmitted  to  A  will  be  50  X  12  x  100=60,000 
pounds.  These  are  the  ordinary  conditions  of  the  press  usually  em- 
ployed in  workshops.  By  drawing  out  the  pin  which  serves  as  an 
axis  at  0,  and  introducing  it  at  0',  we  can  increase  the  mechanical 
advantage  of  the  lever. 

Two  parts  essential  to  the  working  of  the  hydraulic  press  are  not 
represented  in  the  figure.  These  are  a  safety-valve,  which  opens 
when  the  pressure  attains  the  limit  which  is  not  to  be  exceeded;  and, 
secondly,  a  tap  in  the  tube  C,  which  is  opened  when  we  wish  to  put 
an  end  to  the  action  of  the  press.  The  water  then  runs  ofi^  and  the 
piston  A  descends  again  to  the  bottom  of  the  cistern. 

The  hydraulic  press  was  clearly  described 
by  Pascal,  and  at  a  still  earlier  date  by 
Stevinus,  but  for  a  long  time  remained  prac- 
tically useless ;  because  as  soon  as  the  pres- 
sure began  to  be  at  all  strong,  the  water 
escaped  at  the  surface  of  the  piston  A. 
Bramah  invented  the  cupped  leather  collar, 
which  prevents  the  liquid  from  escaping, 
and  thus  enables  us  to  utilize  all  the  power 
of  the  machine.    It  consists  of  a  leather  ring 

OAA  (Fig.  168).  bent  so  as  to  have  a  semi- 
circular section.  This  is  fitted  into  a  hollow 
in  the  interior  of  the  sides  of  the  cistern,  so 
that  water  passing  between  the  piston  and 
cylinder  will  fill  the  concavity  of  the  cupped 
Fi   1SS.-CU    i/aoar  leather  collar,  and  by  pressing  on  it  will 

produce  a  packing  that  fits  more  tightly  as 
the  pressure  on  the  piston  increases. 

The  hydraulic  press  is  very  extensively  employed  in  the  arts.     It 
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i,rf  great  power,  and  may  be  constructed  to"  give  pressures  of  two 
or  three  hundred  ton&  It  is  the  instrument  generally  employed 
in  cases  where  very  great  force  is  required,  as  in  testing  anchors 
or  raisiDg  very  heavy  weights.  It  was  used  for  raising  the  sec- 
iioQs  of  the  Britannia  tubular  bridge,  and  for  launching  the  GreaJt 
£uferfk 

15 


CHAPTER    XVIII. 


EFFLUX  OF  LIQUIDS. — TOBRICELLfS  THEOREM. 


163.  If  an  opening  is .  made  in  the  side  of  a  vessel  containing 
water,  the  liquid  escapes  with  a  velocity  which  is  greater  as  the 
surface  of  the  liquid  in  the  vessel  is  higher  above  the  orifice,  or  to 
employ  the  usual  phrase,  as  the  head  of  liquid  is  greater.  This  point 
in  the  dynamics  of  liquids  was  made  the  subject  of  experiments  by 
Torr^celli,  and  the  result  arrived  at  by  him  was  that  the  velocity  of 
efflux  is  equal  to  that  which  would  be  acquired  by  a  body  falling 
freely  from  the  upper  surface  of  the  liquid  to  the  centre  of  the  orifice. 
If  A  be  this  height,  the  velocity  of  efflux  is  given  by  the  formula 

This  is  called  Torricelli's  theorem ;  it  supposes  the  sides  of  the  vessel 
to  be  thin,  and  the  diameter  of  the  orifice  to  be  very  small  com- 
pared with  that  of  the  vessel  It  is  further  assumed  that  the  orifice 
and  the  upper  surface  are  under  the  same  conditions  as  regards 
atmospheric  pressure. 

Torricelli's  theorem  has  been  regarded  as  an  immediate  consequence 
of  the  theory  of  gravitation;  according  to  which,  whatever  be  the 
path  of  a  heavy  body,  its  velocity  depends  only  on  the  height  of 
the  point  of  starting  above  the  point  finally  reached.  If  this  height 
be  A,  the  velocity  is  always  V  2  gh. 

But  it  is  not  evident  that  the  molecules  of  a  liquid  which  is 
escaping  are  subjected  to  no  force  but  that  of  gravity.  Besides,  the 
first  portions  which  escape  from  the  vessel  do  not  come  from  the  free 
surface,  and  their  velocity  is  due  solely  to  the  pressure  exerted  by 
the  liquid  column.  It  will  thus  be  seen  that  the  velocity  of  efflux, 
owing  to  the  complex  nature  of  the  phenomenon,  can  be  rigorously 
established  only  by  the  experimental  method.     It  is  very  easy  to 
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perform  a  simple  experiment  upon  this  point.  In  fact,  the  molecules 
issQiDg  from  the  orifice  ore  ejected  with  a  certain  velocity,  and  should 
therefore,  by  the  theory  of  projectiles,  describe  parabolic  patha  The 
jet  issuing  from  the  vessel  should  accordingly  be  parabolic,  and  by 
measuring  its  range,  we  can  calculate  the  velocity  of  efflux. 

The  experiment  may  easily  be  made  by  means  of  the  apparatus 
represented  in  Fig.  169.     It  consists  of  a  cylinder  in  which  are  a 


Fig.  im.— Appuatu  tar  Tarlfylog  ToirfoaUTi  Ttmnu. 

number  of  equidistant  orifices  in  the  same  vertical  line.  A  tap 
placed  above  the  cylinder  supplies  the  vessel  with  water,  and  with 
the  help  of  an  overflow-pipe,  maintains  the  liquid  at  a  constant  level, 
which  is  as  much  above  the  highest  orifice  as  each  orifice  is  above  that 
next  below  it 

The  liquid  which  escapes  la  received  in  a  trough,  the  edge  of 
which  is  graduated.  A  travelling  piece  with  an  index  line  engraved 
on  it  slides  along  the  trough  j  it  carries,  as  shown  in  one  of  the 


[^:- 
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separate  figures,  a  disc  pierced  with  a  circular  hole,  and  capable  of 
being  turned  in  any  direction  about  a  horizontal  axis  passing  through 
its  centre.  In  this  way  the  disc  can  always  be  placed  in  such  a 
position  that  its  plane  shall  be  at  right  angles  to  the  liquid  jet,  and 
that  the  jet  shall  pass  freely  and  exactly  through  its  centre.  The 
index  line  then  indicates  the  range  of  the  parabolic  jet  with  con- 
siderable precision.  This  range  is  reckoned  from  the  vertical  plane 
containing  the  orifices,  and  is  measured  on  the  horizontal  plane 
passing  through  the  centre  of  the  disa  The  distance  of  this  latter 
plane  below  the  lowest  orifice  is  equal  to  that  between  any  two  con- 
secutive orificea 

The  following  is  the  way  in  which  the  result  of  an  experiment  is 
estimated.  Let  b  be  the  height  of  the  orifice  above  the  horizontal 
plane  through  the  centre  of  the  ring,  and  let  a  be  the  range  of  the 
jet  If  the  liquid  molecules  were  simply  falling  from  a  height,  b, 
they  would  traverse  this  space  in  a  time  given  by  the  formula 


(=> 


-,9t* 


On  the  other  band,  if  they  were  simply  ooeymg  the  force  of  ejection 
at  the  orifice,  they  would,  by  virtue  of  their  initial  velocity  x,  tra- 
verse the  distance  a  in  the  same  time  t,  whence  we  have 


a  —  xt. 


Eliminating  t  between  these  two  equations,  we  have 

2a? 


o  =  , — -• 


whence 


'=«\//6- 


On  comparing  this  velocity  with  that  given  by  Torricelli's  theorem, 
there  is  generally  found  to  be  a  small  difference  between  thenoi,  as  is 
shown  in  the  subjoined  table: — 


Sead. 

Jet. 

Velooitj. 

Ratio  of  aeioAl 

to  theoretical 

ToloGity. 

a. 

6. 

AotoAl. 

Thearaiical. 

metrce. 
2-29 
3-93 
7-17 

metres. 
6-28 
4-66 
VAX 

metres, 
7-63 
8-45 
6*25 

6-65 

8-67 

11-67 

6-70 

8-70 

11*88 

•993 
•983 

164.  Intersection  of  Jets. — If  Torricelli's  theorem  is  correct^  the 
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value  of  2;  just  found  ought  to  be  equal  to  V2grA;  thus,  we  have  the 
equation 

^=  ^/2gh,  whence  a*=4hh.  (8) 

From  this  a  curious  result  may  be  deduced:  it  will  be  seen  that  if  h 
and  b  vary  in  such  a  manner  that  their  produce  remains  constant,  the 
value  of  a  wUl  remain  unchanged  This  law  may  easily  be  verified 
experimentally.  It  is  only  necessary  to  open  at  the  same  time  the 
top  and  bottom  orifices,  or  the  second  and  fourth ;  the  result  will 
be  two  jets  which  will  intersect  one  another  at  the  centre  of  the 
ring. 

We  may  remark,  however,  that  the  verification  of  this  law  does  not 
prove  TorriceUi's  theorem,  for  the  result  would  be  the  same,  if  in  (3) 
the  constant  4  were  replaced  by  any  other  constant;  it  proves,  how- 
ever, that  the  velocity  is  proportional  to  the  square  root  of  the  head 
of  water,  and  not  to  the  head  itself,  as  was  formerly  believed 

166.  Quantity  of  Liquid  Discharged. — It  would  appear  at  first  sight 
that  TorriceUi's  theorem  could  be  tested  by  a  very  simple  and  decisive 
experiment  Suppose  the  level  of  the  liquid  in  a  vessel  to  be  main- 
tained constant,  and  the  volume  of  the  liquid  which  escapes  through  . 
an  orifice  during  a  certain  time  to  be  measured  This  can  be  com- 
pared with  the  volume  calculated  a  priori,  by  assuming  that  the 
quantity  discharged  in  a  unit  of  time  is  equal  to  a  cylinder  whose 
base  is  the  section  of  the  orifice  and  height  the  velocity;  so  that  the 
quantity  which  escapes  in  time  t  will  be  given  by  the  formula 

8  being  the  section  of  the  orifice.  Now,  in  all  the  experiments  which 
have  been  performed,  when  the  orifice  is  a  simple  perforation  in  a  thin 
plate,  the  actual  discharge  has  been  found  to  be  less  than  this,  being 
generally  about  -6  of  it 

This  discrepancy  arises  from  neglecting  the  fact,  that  the  particles 
of  liquid  at  the  margin  of  the  jet  have  a  converging  motion,  in  con- 
sequence of  which  the  jet  contracts  rapidly  for  a  small  distance  after 
issuing  from  the  orifice.  Beyond  this  small  distance  the  contraction 
is  very  gradual,  depending  only  on  the  continued  action  of  gravity. 
The  portion  which  forms  the  termination  of  the  rapid  contraction,  is 
called  the  contracted  vein,  or  vena  contracta,  and  its  section  appears 
to  be  about  -6  of  that  of  the  orifice.  If,  then,  in  the  above  formula 
we  make  8  denote  the  section  of  the  contracted  vein,  we  shall  obtain 
results  agreeing  with  experiment. 
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166.  Efflux-tubes. — This  explanation  is  confirmed  by  the  effect  of 
efflux-tubea  These  are  pipes  not  exceeding  a  few  inches  in  length, 
which  are  fitted  to  the  holes  in  the  side  of  the  vessel  If,  for  instance, 
a  tube  of  cylindrical  form  is  employed,  the  contraction  will  be  pre- 
vented by  the  adherence  of  the  liquid  to  the  sides  of  the  tube ;  the 
section  of  the  jet  is  then  the  same  as  that  of  the  tube.  In  this  case, 
if  the  velocity  be  measured,  it  will  be  found  to  be  less  than  when  the 
orifice  is  a  hole  in  a  thin  plate;  but,  on  multipljdng  the  velocity  thus 
obtained  by  the  section  of  the  tube,  we  shall  obtain  a  result  agreeing 
with  the  actual  discharga 

The  apparatus  above  described  enables  us  to  estimate  the  differences 
in  velocity  caused  by  efflux-tubes.  For  this  purpose  a  sliding  plate 
is  used,  with  one  orifice  and  two  efflux-tubes,  one  cylindrical,  the 
other  conical;  by  sliding  the  plate  the  liquid  can  be  made  to  flow  out 
of  either  of  these  tubes. 

167.  Efflux  through  Pipes. — When  the  liquid,  instead  of  escaping 
through  a  short  spout,  flows  through  a  long  tube,  the  velocity  is  con- 
siderably reduced  by  the  friction  of  the  molecules  against  each  other, 
and  against  the  sides  of  the  tube.     This  velocity  is  also  not  the  same 
at  all  points  in  the  same  section ;  it  is  least  where  the  liquid  is  in 
contact  with  the  tube,  and  is  greatest  in  the  centre  of  the  liquid 
column.     When  a  uniform  delivery  has  been  established,  the  quantity 
of  water  which  passes  in  each  unit  of  time  is  constant,  and  is  the  same 
for  all  sections ;  and  the  average  velocity  across  any  section  will  be 
obtained  by  dividing  the  volume  discharged  in  a  second  by  the  sec- 
tional area.     Many  experiments  have  been  performed  with  the  view 
of  determining  this  velocity  in  a  certain  nimiber  of  particular  cases, 
and  certain  empirical  rules  have  thus  been  arrived  at.     It  is  difficult 
to  treat  the  subject  rationally,  or  to  establish  results  that  shall  be 
perfectly  general 

168.  Fountains. — If  the  lower  end  of  a  water-pipe  be  connected 
with  a  mouth-piece  pointing  vertically  upwards,  the  liquid  on  issuing 
from  the  opening  will  rise  in  a  vertical  jet  to  a  height  depending  on 
the  velocity  of  efflux.     If  there  were  no  resistance,  this  height  i^ould 

be  that  due  to  the  velocity,  namely  5^,  according  to  the  fonnulse  of 

§  88 ;  but  this  is  not  actually  the  case.  The  friction  of  the  liquid 
against  itself,  and  the  weight  of  the  particles  which  fall  back:  upon 
the  rest,  counteract  the  tendency  to  ascend  The  effect  of  this  last 
cause  can  be  somewhat  diminished  by  slightly  inclining  the  jet. 
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169.  Efflux  of  a  Liqmd  in  contact  with  Confined  Air. — ^When  the 
sor&oe  of  the  liquid  is  in  contact  with  a  volume  of  air  whose  pressure 
varies,  the  velocity  of  efflux  is  affected  by  this  variation.  Let  A  B  C  D 
be  a  closed  vessel  filled  with  a  liquid  as  far  as  M  N^  and  let  the  space 
above  contain  air  at  the  atmospheric  pressure. 
If  a  small  orifice  be  opened  below^  the  liquid 
will  begin  to  flow  out ;  but  the  air  above  will 
become  gradually  rarefied,  until  at  length  its 
pressure,  together  with  that  due  to  the  depth  of 
liqmd,  will  be  equal  to  that  of  the  atmosphere; 
when  this  happens  the  liquid  will  cease  to  flow, 
mdess  the  circumstances  are  such  that  air-bubbles  can  enter.  Let  us 
see  what  will  be  the  height  of  the  liquid  column  in  the  vessel  when 
the  flow  ceases.  Let  AC=Z,  A  M=A,  and  let  p  be  the  height  of  a 
column  of  the  liquid  which  will  balance  the  pressure  of  the  atmo- 
sphere. The  air,  which  at  the  beginning  of  the  experiment  had  a 
volume  Z— fc,  and  a  pressure  p,  will  now  have  a  volume  l—x,  and 

consequently  a  pressure  j:>  j^;  we  have  then 


whence 


X 


i-h 

2 


The  —  sign  alone  can  be  taken  with  the  radical, 
since  x  must  be  less  than  2.  This  case  of  equili- 
brium occurs  in  several  well-known  experiments. 

Pipette. — This  is  a  glass  tube  (Fig.  171)  open  at 
both  ends,  and  terminating  below  in  a  small  taper- 
ing spout  If  a  certain  quantity  of  water  be  intro- 
duced into  the  tube,  either  by  aspiration  or  by 
direct  immersion  in  water,  and  if  the  upper  end  be 
dosed  with  the  finger,  the  efflux  of  the  liquid  will 
<^^ase  after  a  few  seconds.  On  admitting  the  air 
Above,  the  efflux  will  begin  again,  and  can  again  be 
sapped  at  pleasure. 

^  Magic  Funnel. — ^This  funnel  is  double,  as  is  shown  in  Fig. 
^72L  Near  the  handle  is  a  small  opening  by  which  the  space  between 
^  two  funnels  communicates  with  the  external  air.  Another 
<^pemiig  connects  this  same  space  with  the  tube  of  the  inner  funnel 
^  the  interval  between  the  two  funnels  be  filled  with  any  liquid, 


Tig.  171.— Pipette. 
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thiB  liquid  will  run  oat  or  will  cease  to  flow  according  as  the  upper 
hole  is  open  or  closed.  The  opening  and  closing  of  the  hole  can  be 
easily  effected  witWyphumb 
of  the  hand  hoIdi%trie  fun- 
nel without  the  knowledge  of 
the  spectator.  This  device 
has  been  known  from  very 
early  times. 

The  instrument  may  be 

used  in  a  still  more  curious 

manner.     For  Uiis  purpose 

the  space  inside  is  secretly 

filled  with   highly- coloured 

wine,    which    is    prevented 

Kj.  ir2.-ij»(ic  runnti.  from  escaping  by  clodng  the 

opening  above. 

Water  is  then  poured  into  the  central  funnel,  and  escapes  either 

by  itself  or  mixed  with  wine,  according  as  the  thumb  closes  or  opens 


Fig,  ITS.— InulikiiiUblB  Botcla. 


the  orifice  for  the  admission  of  air.  In  the  second  case,  the  water 
being  coloured  with  the  wine,  it  will  appear  that  wine  alone  is 
issuing  irom  the  funnel;  thus  the  operator  will  appear  to  have  the 
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power  of  making  either  vater  cr  wine  flow  from  the  vessel  at  his 
pleasure 

The  IntixhaustiMe  Bottle. — ^The  iDexhaostible  bottle  is  a  toy  of  the 
same  kind.  It  is  aD  opaqae  bottle  of  sheet-iron  or  gntta>percha, 
containing  within  it  five  small  viala.  These  communicate  with  the 
exterior  by  &\e  small  holes,  which  can  be  closed  by  the  five  fingers 
of  the  hand.  Each  vial  has  also  a  small  neck  which  passes  up  the 
large  neck  of  the  bottle.  The  five  vials  are  filled  with  five  different 
liquidii,  any  one  of  which  can  be  poured  oat  at  pleasure  by  uncovering 
the  corresponding  hole. 

170.  Istennittent  Fonnttin. — The  intermittent  fountain  is  an 
apparatus  analogous  to  the  preceding,  except  that  the  interruptions 
Id  the  efflux  are  produced  auto- 
matically by  the  action  of  the 
instrument,  without  the  inter- 
yention  of  the  operator.  It 
consists  of  a  globe  V,  which  can 
be  hermetically  closed  by  means 
of  a  stopper,  and  can  be  put 
in  communication  with  efflux- 
tubes  a,  by  which  the  water 
contained  in  it  can  escape.  A 
vertical  tube  /  rises  nearly  to 
the  top  of  the  globe,  and  ter- 
minates below  at  a  short  dis- 
tance from  the  bottom  of  the 
basin  R  This  basin  is  pierced 
with  a  small  opening  o,  by 
which  the  water  contained  in 
it  escapes  into  the  lower  basin 
C.  Suppose  the  globe  to  be 
filled   with   water,   and   com- 

manication    with    the    efflux-  Fij,iTt-ioi«miti™i  Fountain. 

tubes  to  be  established,  then 

the  liquid  will  flow  into  the  basin  B,  and  thence  into  C.  But  the 
size  of  the  opening  o  is  such  that  it  suflers  less  water  to  escape  than 
parses  out  by  the  efflux-tubes;  the  liquid  will  therefore  accumulate 
in  B,  and  will  finally  cover  the  bottom  of  the  tube  t  Communication 
between  the  external  air  and  the  upper  part  of  the  globe  will  then 
be  cut  ofi",  and  the  Jiqmd  will  after  a  few  moments  cease  to  flow. 
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But  as  the  basin  B  continues  to  be  emptied  by  the  opening  o,  the 
liquid  in  the  basin  will  sink  below  the  end  of  the  tube ;  air  will  then 
enter  the  globe,  the  liquid  will  again  begin  to  issue  from  the  efflux- 
tubes,  and  so  on. 

171.  Siphon. — ^The  object  of  the  siphon  is  the  transference  of  liquid 
from  one  vessel  to  another.  It  essentially  consists  of  a  bent  tube 
(Fig.  175)  with  branches  of  unequal  length.     The  short  branch  dips 


<.lAP*^^ 


Fig.  175.— Siphon. 


into  the  liquid  to  be  transferred,  the  other  opens  directly  into  the 
air.  If  we  suppose  the  siphon  full  of  liquid,  it  is  easy  to  see  that  the 
liquid  will  flow  from  the  short  to  the  long  branch. 

For  if  we  consider  (Fig.  176)  a  layer  of  liquid  M,  at  the  highest 
point  of  the  siphon,  this  layer  will  be  subjected  to  a  pressure  from 
left  to  right  equal  to  the  atmospheric  pressure  diminished  by  the 
height  DC,  or  MI. 

Let  this  latter  height  be  h,  and  let  H  be  the  external  pressure 
expressed  as  the  height  of  an  equivalent  column  of  the  liquid,  then 
the  pressure  from  left  to  right  will  be  H  —  A.  The  pressure 
from  right  to  left  will  be  H  —  EF  =  H  —  A'.  Now  as  h'  is  greater 
than  A,  the  first  pressure  will  overcome  the  second,  and  the  layer  M 
will  consequently  move  from  left  to  right.     But  if  the  height   of 
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the  smaller  branch  be  less  than  H,  the  liquid  cannot  separate, 
for  the  pressure  of  the  atmosphere  would  immediately  fill  up  the 
vacuum  which  would  be  formed      Thus  the  «  u  r 

liquid  will  continue  to  flow  uninterruptedly 
until  the  liquid  in  the  vessel  AB  has  fallen 
below  the  level  of  the  end  of  the  shorter  branch 
of  the  siphon. 

The  force  causing  the  liquid  to  flow  is  the  pres- 
sure represented  by  a  column  of  liquid  K — A; 
the  velocity  of  efflux  is  thus  equal  to  V2^(A'-*), 
friction  being  neglected. 

In  the  above  reasoning  we  have  supposed  the 
external  pressure  H  to  be  the  same  at  C  and  at 
F.  This  is  evidently  the  case  when  the  pres- 
sure is  that  of  the  atmosphere.  If  we  suppose  the 
surrounding  medium  to  be  of  a  density  such  that  the  variation  of  pres- 
sure for  the  levels  AB  and  KF  cannot  be  neglected,  the  expression  for 
the  velocity  must  be  modified.  Let  d  be  the  density  of  the  liquid,  df 
that  of  the  surrounding  medium,  the  excess  of  pressure  from  left  to 
nght  is  represented  by  the  weight  of  a  liquid  column  of  density  dy  and 
of  height  A^— A,  diminished  by  the  weight  of  a  column  of  the  same 
height  of  density  d'\  that  is,  it  is  given  by  the  expression  (h'—h)  d— 
(h'—h)  d'  =  (h'—h)  {d—dy  Now  the  height  m  of  the  liquid  which 
would  produce  tfie  same  pressure  is  given  by  the  equation  mc2= 
(V— A)  (d—dy    Thus  the  velocity  of  efflux  will  be 


KJ 

Fig.  ire. 


V=V"2 


gm 


V 


2g{k-h')  {d-d') 


In  the  case  (which  coidd  scarcely  occur  in  practice),  where  d'  is 
greater  than  d,  the  pressure  from  left  to  right  will  be  negative ;  that 
is,  the  excess  of  pressure  will  be  from  right  to  left.  The  liquid  will 
then  flow  from  right  to  left,  and  with  a  velocity  given  by  the  above 
formula  if  d—d'  is  replaced  by  d'—d, 

172.  Starting  the  Siphon. — In  order  that  the  siphon  should  work, 
it  must  first  be  charged  with  liquid.  This  is  effected  in  various  ways. 
When  the  liquid  can  be  taken  into  the  mouth  without  danger,  the 
charging  can  be  effected  (Fig.  177)  by  sucking  at  a  side- tube  attached 
to  the  long  branch. 

This  method  is  inapplicable  to  liquids  which  would  have  an 
injurious  effect  upon  the  mouth.  The  following  method  is  often 
employed  in  the  transfer  of  sulphuric  acid  from  one  vessel  to  another. 
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The  long  branch  of  the  siphon  (Fig.  178)  is  first  filled  wiUi  sul- 
phuric acid.     This  is  effected  by  means  of  two  funnels  (which  can  be 
plugged  at  pleasure)  at  the  bend 
of  the  tube.     One  of  these  ad- 
mits the  liquid,  and  the  other 
I  suffers  the  air  to  escape.     The 

two  funnels  above  are  then  clos- 
ed, and  the  tap  at  the  lower  end 
of  the  tube  is  opened  so  as  to 
allow  the  liquid  to  escape.  The 
air  in  the  short  branch  follows 
the  acid,  and  becomes  rarefied; 
the  acid  behind  it  rises,  and  if  it 
passes  the  bend,  the  siphon  will 
be  charged ;  for  each  portion  of 
the  liquid  which  issues  from  the 
tube  will  draw  a  corresponding 
portion  from  the  short   to  the 

Fij.  177— Blirtiog  the  Siphon,  \ 

long  branch. 
To  insure  the  working  of  the  sulphuric  acid  siphon,  it  is  not  sufB- 
cient  to  have  the  vertical  height  of  the  long  branch  greater  than  that 
of  the  short  branch;  it  is 
farther  necessary  that  it  should 
exceed  a  certain  limit,  which 
depends  upon  the  dimensions 
of  the  siphon  in  each  particu- 
lar case.  In  order  to  calculate 
this  limit,  we  must  remark 
that  when  the  liquid  begins  to 
fiow,  its  height  diminishes  in 
the  long  and  increases  in  the 
short  branch ;  if  these  two 
heights  should  become  equal, 
there  would  be  equilibrium. 
We  see,  then,  that  in  order  that  the  siphon  may  work,  it  is  necessary 
that  when  the  liquid  rises  to  the  bend  of  the  tube,  there  should  be  in 
the  long  branch  a  column  of  liquid  whose  vertical  height  is  at  least 
equal  to  tliat  of  the  short  branch,  which  we  shall  denote  by  h,  and 
the  actual  length  of  the  short  branch  from  the  surface  of  the  liquid 
in  which  it  dips  to  the  summit  of  the  bend  by  A'.     Then  if  a  be  the 


Fig,  1TB.— Siphon  for  Enlphnrl 
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indinatioa  of  the  long  branch  to  the  vertical,  and  L  the  length  of  the 
long  branch,  which  we  suppose  barely  sufficient,  the  length  of  the 
Mlomn  of  liquid  remaining  in  the  long  branch  will  be  A  sec  a-  The 
air  which  at  atmospheric  pressure  H  occupied  the  length  h',  now 
under  the  pressure  H  —  A  occapies  a  length  L— A  sec  a;  hence,  by 
Boyle's  law,  we  have 

HA'  =  (H-Jl)  (L-Ai«oa),  whaDceL=AMaa  -l-^^- 

lu  this  formula  H  denotes  the  height  of  a  column  of  sulphuric  acid 
Those  pressure  equals  that  of  the  atmosphera 

173.  Tue  of  TtotaloB. — ^The  siphon  may  be  employed  to  produce 
the  intermittent  flow  of  a  liquid.      Suppose,  for  instance,  that  we 
buve  a  vase  in  which  is  a  bent  tube 
rising  to  a  height  n,  and  with  the 
short  branch  terminating  near  the  ' 
bottom  of  the  vase,  while  the  long 
branch  passes  through  the  bottom. 
]i  liquid  be  poured  into  the  vase, 
the  level  will  gradually  rise  in  the 
short  branch  of  the  bent  tube,  and 
will  finally  reach  and  pass  the  point 
n,  when  the  siphon  will  begin  to 
•lischarge  the  liquid.     If,  then,  we 

suppose  the  liquid  to  escape  by  the  fij.  i7».-T»ofTuiuiaiL 

siphon  faster  than  it  is  poured  into 

the  vessel,  the  level  of  the  liquid  will  gradually  fall  below  the  ter- 
uunation  of  the  shorter  branch.  The  siphon  will  then  empty  itself 
ud  will  not  recommence  its  action  till  the  liquid  has  again  risen  to 
the  level  of  the  bend. 

If  the  cup  is  made  of  metal  with  the  nphon  concealed  in  the  thick- 
ness of  the  sides,  when  a  person  in  lifting  it  to  his  lips  indines  it  to 
the  side  in  which  the  nphon  ia,  the  siphon  will  become  charged,  and 
will  empty  the  vessel  Hence  the  name  vase  of  Tantalus  given  to 
Uiis  cap  in  old  treatises  on  physics.  Instead  of  a  bent  tube  we  may 
employ,  as  in  the  first  figure,  a  straight  tube  covered  by  a  bell-glass 
left  open  below;  in  this  case  the  space  between  the  tube  and  the  bell 
takes  the  place  of  the  shorter  leg  of  the  siphon. 

It  is  to  an  action  of  this  kind  that  natural  intermittent  springs  are 
generally  attributed.  Suppose  a  reservoir  (Fig.  180)  to  communicate 
with  an  oatlet  by  a  bent  tube  forming  a  cdphon,  and  suppose  it  to 
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be  fed  by  a  stream  of  water  at  a  slower  rate  than  tbe  Biphoa  is  able 
to  dischai^  it  When  the  water  baa  reached  the  beod,  the  siphon 
will  become  charged,  and  the  reservoir  will  be  emptied ;  it  will  then 
be  filled  again  as  far  as  the  bend,  and  so  on. 

174.  Mariotte's  Bottle.— This  is  an  apparatus  often  employed  to 
obtain  a  continuous  flow  of  water.  It  consists  of  a  flask  whose  cork 
is  pierced  by  a  straight  tube  open  at  both  ends,  and  with  the  lower 


Fig,  ISO.— Intermlltent  Spring. 

extremity  descending  to  a.  An  efflux-tube  is  piaced  at  b  near  the 
bottom  of  the  flask.  Suppose  that  the  flask  is  fiill  of  water,  and  that 
the  tube  is  also  lull  to  the  upper  end.  If  the  tube  b  be  now  opened, 
the  liquid  molecules  at  the  orifice  will  be  pressed  inwards  with  a 
force  equal  to  the  atmospheric  pressure,  but  will  be  pressed  outwards 
with  a  force  exceeding  this  pressure  by  the  lieight  of  the  column  of 
water  as  far  as  the  upper  end  of  tlie  tuba  The  liquid  will  therefore 
flow  out;  but  no  vacuum  will  be  produced  in  the  upper  part  of  tbe 
flask,  for  the  pressure  of  the  atmosphere  will  compel  the  liquid  in  the 
tube  to  replace  that  which  escapes.  The  level  of  the  liquid  in  the 
tube  will  thus  rapidly  fall,  and  the  velocity  will  gradually  decrease, 
as  will  be  seen  by  the  diminished  range  of  the  jet  When  tbe  liquid 
reaches  the  point  a,  the  efflux  will  continue;  but  then  air  will  enter 
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the  vaae  m  saccessive  bubbles,  and  will  rise  to  the  upper  part  of  the 
vase,  in  such  quantity  that  its  pressure,  tt^tber  with  that  of  the 
height  of  water  above  the  borizootal  plane  through  a,  will  maintain 
a  pressure  on  this  plane  equal  to  that  of  the  atmosphere.  From  this 
time  the  liquid  will  flow  with  a  constant  velocity  due  to  the  height 
of  a  above  b.  Strictly  speaking,  inasmuch  as  the  air  enters,  not  in 
a  continuous  manner,  but  in  successive  bubbles,  that  is,  in  jerks,  the 
Telocity  of  dischat^  oscillates  about  a  constant  mean  value,  but  the 
oscillations  are  in  general  almost  imperceptible.    Instead  of  the  ver- 


tical tnbe,  we  may  use  a  vase  with  two  openings  at  different  levels ; 
the  liquid  escapes  by  the  lower  orifice  6,  while  air  enters  by  the  upper 
orifice  a.  Uariotte's  vase  is  sometimes  used  in  the  laboratory  to 
produce  the  uniform  flow  of  a  gas  by  employing  the  water  which 
escapes  to  expel  the  gas.  We  may  also  draw  in  gas  through  the  tube 
of  Mariotto's  bottle;  in  this  case,  the  flow  of  the  water  is  uniform, 
but  the  flow  of  the  gaa  is  continually  accelerated,  since  the  space 
occupied  by  it  in  the  bottle  increases  uniformly,  but  the  density  of 
the  gaa  in  tola  space  continually  increases. 


»  "ij"  1 


V,  ■ 


^ 


HEAT* 


CHAPTER     XIX. 


THERUOMETRT. 


175.  Heat — Cold. — The  words  heat  and  cold  express  sensations  so 
well  known  as  to  need  no  explanation;  but  these  sensations  are 
modified  by  subjective  causes,  and  do  not  furnish  an  invariable  cri- 
terion of  objective  reality.     In  &ct,  we  may  often  see  one  person 
suffer  from  heat  while  another  complains  of  cold.    Even  for  the  same 
person  the  sensations  of  heat  and  cold  are  comparativa     A  tempera- 
tare  of  50"*  Fahr.  suddenly  occurring  amid  the  heat  of  summer  pro- 
duces a  very  decided  sensation  of  cold,  whereas  the  same  temperature 
in  winter  has  exactly  the  opposite  effect     We  may  mention  an  old 
experiment  upon  this  subject,  which  is  at  once  simple  and  instructive. 
If  we  plunge  one  hand  into  water  at  32''  Fahr.,  and  the  other  into 
water  at  about  lOO"";  and  if  after  having  left  them  some  time  in  this 
pc^tion  'we  immerse  them  simultaneously  in  water  at  70^  they  will 
experience  very  different  sensationa     The  hand  which  was  formerly 
in  the  cold  water  now  experiences  a  sensation  of  heat;  that  which 
was  in  the  hot  water  experiences  a  sensation  of  cold,  though  both  are 
in  the  same  medium.     This  plainly  shows  that  the  sensations  of  heat 
and  cold  are  modified  by  the  condition  of  the  observer,  and  conse- 
quently cannot  serve  as  a  sure  guide  in  the  study  of  calorific  phe- 
nomena.     Recourse  must  therefore  be  had  to  some  more  constant 
standard  of  reference,  and  such  a  standard  is  furnished  by  the  ther- 
mometer. 

176.  Temperature. — If  several  bodies  heated  to  different  degrees  are 
placed  in  presence  of  each  other,  an  interchange  of  heat  takes  place 
between  them,  by  which  they  undergo  modifications  of  opposite 
kinds ;  those  that  are  hottest  grow  cooler,  and  those  that  are  coldest 
grow  warmer;  and  after  a  longer  or  shorter  time  these  inverse  pheno- 
mena cease  to  take  place^  and  the  bodies  come  to  a  state  of  mutual 
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equilibriom.  They  are  then  said  to  be  at  the  same  tempenUwre.  If 
a  source  of  heat  ie  now  brought  to  act  upon  them,  their  temperature 
is  said  to  rise;  if  they  are  left  to  themselvea  in  a  colder  medium,  they 
all  grow  cold,  and  their  temperature  is  s«d  to  faZl  Two  bodies  are 
said  to  have  the  same  temperature  if  when  they  are  placed  in  contad 
no  heat  passes  from,  the  one  to  the  other.  If  when  two  bodies  are 
placed  ia  contact  heat  passes  from  one  to  the  other,  that  which  gtvea 
heat  to  the  other  is  said  to  have  the  higher  temperature.  Heat 
always  tends  to  pass  from  bodies  of  higher  to  those  of  lower  tem- 
perature. 

177.  EzpanBlon. — At  the  same  time  that  bodies  undergo  these 
changes  in  temperature,  which  may  be  verified  by  the  different 
impressions  which  they  make  upon  our  organs,  they  are  subjected 
to  other  modificatioDs  which  admit  of  direct  measurement,  and  which 
serve  as  a  means  of  estimating  the  changes  of  temperature  themselvea 
These  modifications  are  of  different  kinds,  and  we  shall  have  occasion 
to  speak  of  them  all  in  the  course  of  this  work ;  but  that  which  is 
especially  used  as  the  basis  of  thermometric  measurement  is  change  of 
volume.  In  general,  when  a  body  is  heated,  it  increases  in  volume; 
and,  on  the  other  hand,  when  it  is  cooled  its  volume  diminishes.  The 
expansion  of  bodies  under  the  action  of  heat  may  be  illustrated  by 
the  following  experiments. 

1,  Solid  Bodies. — We  take  a  ring  through  which  a  raetal  sphere 


just  passes.  This  latter  is  heated  by  holding  it  over  a  spirit-lamp, 
and  it  is  found  that  after  this  operation  it  will  no  longer  pass  through 
the  ring.  Its  volume  has  increased.  If  it  is  now  cooled  by  immer- 
taon  in  water,  it  resumes  its  former  volume,  and  will  aga-in    pass 
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tiirongb  the  ring.     If,  while  the  sphere  vaa  hot,  we  had  heated  the 
ling  to  aboat  the  same  degree,  the  ball  would  Btill  have  been  able  to 
pasa,  their  relative  dimensions  being  uoaltered.    This  little  apparatus 
is  called  Oraveaande'a  Ring. 
i  Liquids. — A  liquid,  as  water  for  instance,  is  introduced  into  the 


d 


quidl.  Fig.  IM.— EiJAzulon  oT  OmM. 

apparatus  shown  in  Fig.  183,  so  as  to  fill  at  once  the  globe  and  a 
portion  of  the  tube  as  far  as  a.  The  instrument  is  then  immersed  in 
a  Teasel  containing  hot  water,  and  at  first  the  extremity  of  the  liquid 
coituun  descends  for  an  instant  to  b;  but  when  the  experiment  has 
continaed  for  some  time,  the  liquid  rises  to  a  point  a'  at  a  con- 
siderable height  above.  This  twofold  phenomenon  ia  easily  explained. 
The  globe,  "which  receives  the  first  impresbion  of  heat,  increases  in 
volume  before  any  sensible  change  can  take  place  in  the  temperature 
of  the  liquid.     The  liquid  consequently  is  unable  to  fill  the  entire 
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capacity  of  the  globe  and  tube  up  to  the  original  mark,  and  thus 
the  extremity  of  the  liquid  column  is  seen  to  fall  But  the  liquid 
receiving  in  its  turn  the  impression  of  heat,  expands  also,  and  as  it 
passes  the  original  mark,  we  may  conclude  that  it  not  only  expands, 
but  expands  more  than  the  vessel  which  contains  it. 

3.  Oases. — The  globe  in  Fig.  184!  contains  air,  which  is  separated 
from  the  external  air  by  a  small  liquid  index.  We  have  only  to 
warm  the  globe  with  the  hands  and  the  index  will  be  seen  to  be 
pushed  quickly  upwards,  thus  showing  that  gases  are  exceedingly 
expansible. 

178.  General  Idea  of  the  Thermometer. — Since  the  volume  of  a 
body  is  always  changed  by  heat,  it  follows  that  when  a  body  is  sub- 
jected to  variations  of  temperature,  it  undergoes  at  the  same  time 
corresponding  variations  of  volume.  If  we  suppose  that  the  different 
volumes  successively  assumed  by  the  body  can  easily  be  measured, 

we   may   indicate  the  temperature  by  stating  the 
voluma     And  the  body  will   not  only  indicate  its 
own  temperature  by  this  means,  it  will  also  exhibit 
the  temperature  of  the  bodies  by  which  it  is  sur- 
rounded, and  which  are  in  equilibrium  with  it  as 
regards  temperature;  that  is,  which  do  not  experi- 
ence those  inverse  changes  mentioned  in  §  176.    Such 
is  the  most  general  idea  of  the  thermometer,  which 
may  be  defined  as  a  body  which,  under  the  action 
of  heat,  exhibits  changes  of  volume  which  can  be 
ascertained  and  measured. 

179.  Choice  of  the  Thermometric  Substance. — ^Any 
substance  whatever  will   serve  as  a  thermometric 

i     substance,  and   in  fact  there   are  several  kinds  of 
thermometers,  founded  upon  the  expansion  of  dif- 
ferent substances.     In  order,  however,  that  thermo- 
metric indications   may  be   comparable  with    each 
other,  it  is  necessary  to  adopt  a  standard  substance 
or  combination  of  substances,  and  physicists  have  by- 
common  consent  adopted  as  the  standard  of  reference 
the  apparent  expansion  of  mercury  contained  in  a  glass  vesseL      The 
instrument  which  exhibits  this  expansion  is  called  the  me7*c^cria( 
therTTiometer.     It  consists  essentially,  as  shown  in  Fig.  185,  of  a  tuhi 
of  very  small  diameter,  terminating  in  a  bulb  or  reservoir  of  &  cyliii 
drical,  spherical,  or  any  other  form.     The  reservoir  and  a  portion  o 


Fig.  185.— Merouiial 
Thermometers. 
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the  ttibe  are  filled  with  mercury.  If  the  temperature  varies,  the 
level  of  the  liquid  will  rise  or  fall  in  the  tube,  and  the  points  at 
which  it  remains  stationary  can  be  easily  identified  by  means  of  a 
scale  attached  to  or  engraved  on  the  tube. 

The  choice  of  mercury  as  a  thermometric  substance  is  extremely 
suitable.  It  is  a  liquid  which  may  easily  be  procured  in  a  state  of 
purity.  It  is  a  very  good  conductor  of  heat,  and  consequently  soon 
comes  into  equilibrium  of  temperature  with  the  bodies  which  it 
touches.  Besides,  its  calorific  capacity  is  very  small,  so  that  if  it  be 
brought  into  contact  with  a  heated  body,  for  instance,  at  whose 
expense  it  grows  hot,  this  body  experiences  in  consequence  only  a 
very  alight  change  of  temperature,  which  may  generally  be  neglected. 

180.  Constmction  of  tbe  Mercurial  Thermometer. — The  construction 
of  a  mercurial  thermometer  is  an  operation  of  great  delicacy,  and 
comprises  several  different  processes,  which  we  shall  successively 
indicate. 

1.  Choice  of  the  Tvhe, — The  first  object  is  to  procure  a  tube  of  as 
uniform  bore  as  possible.  In  order  to  ascertain  whether  this  con- 
dition is  fulfilled,  a  small  column  of  mercury  is  introduced  into  the 
tube,  and  its  length  in  different  parts  of  the  tube  is  measured.  If 
these  lengths  are  exactly  equal,  the  tube  must  be  of  uniform  bore. 
This  is  not  generally  the  case,  and  we  have  to  content  ourselves  with 
an  approximation  to  this  result;  but  we  must  reject  tubes  in  which 
the  differences  of  length  observed  are  too  great.  When  a  suitable 
tube  has  been  obtained,  a  reservoir  is  either  blown  at  one  end  or 
attached  by  melting,  the  former  plan  being  usually  preferable. 

When  a  thermometer  of  great  precision  is  required,  the  tube  is 
firat  caliinuted;  that  is,  divided  into  parts  of  equal  volimie. 

2.  Introduction  of  the  Mercury, — ^At  the  upper  extremity  of  the 
tube  a  bulb  has  been  blown,  drawn  out  to  a  point,  at  which  there  is 
&  small  opening;  this  bulb  is  gently  heated,  and  the  point  is  then 
immersed  in  a  vessel  containing  mercury  (Fig.  186).  The  air  in  the 
tube  growing  cold,  suffers  a  diminution  at  once  of  volume  and  of 
pcesBore,  so  that  mercury  is  forced  into  the  bulb  by  the  atmospheric 
pressure.  The  end  of  the  point  is  then  closed  to  prevent  the  escape 
of  mercurial  vapours,  and  the  reservoir  and  tube,  still  remaining 
empty,  are  heated  in  a  gas  or  charcoal  furnace  (Fig.  187),  so  as  to 
rarefy  the  contained  air.  The  liquid  in  the  bulb  is  then  heated,  and 
OQ  setting  the  instrument  upright,  and  allowing  it  to  cool,  a  portion 
^A  the  mercury  enters  the  reservoir  in  consequence  of  the  contraction 
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of  the  air.  The  liquid  in  the  reservoir  is  then  heated  to  ebulliUon, 
ihe  air  is  expelled  from  the  reservoir  and  tube  by  the  vapour  of 
mercury,  and  on  placing  th-*  instrument  in  an  upright  position,  the 


i 


Fig.  ISe— iDtroductlon of  the  1 


mercury  during  the  process  of  cooling  enters  the  reservoir  and  com- 
pletely fills  it.  If  a  bubble  of  air  still  remains,  as  is  oflen  the  case, 
it  may  be  expelled  by  repeating  the  same  operation  several  times. 
The  quantity  of  mercury  to  be  left  is  then  regulated  according  to  the 


temperatures  which  the  instrument  is  intended  to  indicate;  the  bnlb 
at  the  upper  end  is  removed,  and  the  tube,  having  been  drawn  ont  to 
a  point,  is  hermetically  sealed  at  the  moment  when  the  mercury 
reaches  its  extremity,  so  as  to  leave  no  air  in  the  interior. 
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a  D^ermination  of  the  Fixed  Pointa. — The  iiutrument,  under 
these  conditions,  and  with  any  scale  of  equal  parts  marked  on  the 
tube,  would  of  course  indicate  variationa  of  temperature,  but  theoe 
indications  would  be  arbitrary,  and  two  thermometers  so  constructed 
would  in  general  give  different  indications. 

In  order  to  insure  that  the  indications  of  different  thermometers 
hIirII  be  comparable,  it  has  been  agreed  to  adopt  two  standard  tem- 
peratures, which  can  easily  be  reproduced  and  maintained  for  a  con- 
fliderable  time,  and  to  denote  them  by  6xed  nambers.    These  two 
temperatures  are  the  freezing-point  and  boiling-point  of  water ;  or  to 
speak  more  strictly,  the  temperature  of  melting  ice,  and  the  tem- 
perature of  the  steam  given  off  by 
water  boiling   under  averse   atmos- 
pheric pressure.    It  has  been  observed 
tbat  if  the  thermometer  be  surrounded 
with  melting   ice   (or  melting  snow), 
the  mercury,  under  whatever  circum- 
stances the  experiment  is  performed, 
invariably  stops  at  the   same  point, 
and  remains  stationary  there  as  long  as 
the  melting  continues.     This  (hen  is  a 
fixed  temperature.    On  the  Centigrade 
scale  it  ia  called  zero,  on  Fahrenheit's 
scale  32°. 

In  order  to  mark  this  point  on  a  "■■  w*-— k****"!"**!"*  "f  rnttot- 
thermometer,  it  is  surrounded  by  melt- 
ing ice,  which  is  contuned  in  a  perforated  vessel,  so  aa  to  allow 
the  water  produced  by  melting  to  escape.  When  the  level  of  the 
mercury  ceases  to  vary,  a  mark  is  made  on  the  tube  with  a  fine 
diamond  at  the  extremity  of  the  mercurial  column.  This  is  frequently 
called  for  brevity  the  freezing-point 

It  has  also  been  observed  that  if  water  be  made  to  boil  in  an  open 
metallic  vessel,  under  average  atmospheric  pressure  (760  millimetres, 
or  29922  inches),  and  if  the  thermometer  be  plunged  into  the  steam, 
tie  mercury  stands  flt  the  same  point  during  the  entire  time  of 
ebnllitioD,  provided  that  the  external  pressure  does  not  change.  This 
second  fixed  temperature  is  called  100°  in  the  Centigrade  scale  (whence 
the  name),  and  212°  on  Fahrenheit's  scale.  In  order  to  mark  this 
second  point  on  the  thermometer,  an  apparatus  is  employed  which 
was  devised  by  Gay-Lussac,  and  perfected  by  Begnaultk     It  consists 
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of  a  copper  boiler  (Fig,  189)  containing  water  which  is  raised  to 
ebullition  by  means  of  a  furnace.  The  Bteam  circulates  through  a 
double  casing,  and  escapes  by  a  tube  near  the  bottom.  The  ther- 
mometer is  fixed  in  the  interior  casing,  and  when  the  mercury  has 


Fig.  1S«.— DetuiniwtioD  of  BailiBg-p^Dt 

become  stationary,  a  mark  is  made  at  the  point  at  which  it  stops, 
which  denotes  what  is  commonly  called  for  brevity  the  boiling-point. 
It  now  only  remains  to  divide  the  portion  of  the  instrument  between 
the  freezing  and  boiling  points  into  equal  parts  corresponding  to 
single  degrees,  and  to  continue  the  division  beyond  the  fixed  points. 
Below  the  zero  point  are  marked  the  numbers  1,  2,  3,  &c.     These 
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temperatures  are  generaUy  expressed  with  the  sign  — .  Thos  the 
temperature  of  17**  below  zero  is  written  —17*. 

A  small  manometric  tube,  open  at  both  ends,  serves  to  show,  by 
the  equality  of  level  of  the  mercury  in  its  two  branches,  that  the 
ebullition  is  taking  place  at  a  pressure  equal  to  that  which  prevails 
externally,  and  consequently  that  the  steam  is  escaping  with  suffi- 
cient freedom.  It  firequently  happens  that  the  external  pressure  is 
not  exactly  760  millimetres,  in  which  case  the  boiling-point  should  be 
placed  a  little  above  or  a  little  below  the  point  at  which  the  mer- 
cury remains  stationary,  according  as  the  pressure  is  less  or  greater 
than  this  standard  pressure.  When  the  difference  on  either  side  is 
inconsiderable,  the  position  of  the  boiling-point  is  calculated  by  the 
rule,  that  a  difference  of  20*6  millimetres,  either  above  or  below  the 
normal  pressure,  causes  a  difference  of  1**  in  the  temperature  of  the 
8team  produced.     We  shall  return  to  this  point  in  Chap.  xxvL 

181.  A4ja8tment  of  the  Quantity  of  Hereury. — In  order  to  avoid 
complicating  the  above  explanation,  we  have  omitted  to  consider  an 
operation  of  great  importance,  which  shoidd  precede  those  which  we 
have  just  described.  This  is  the  determination  of  the  volume  which 
must  be  given  to  the  reservoir,  in  order  that  the  instrument  may  have 
the  required  range.  When  the  reservoir  is  cylindrical,  this  is  very  easily 
effected  in  the  following  manner.  Suppose  we  wish  the  thermometer 
to  indicate  temperatures  comprised  between  — 20°  and  130°  Cent,  so 
that  the  range  is  to  be  150°;  the  reservoir  is  left  open  at  O  (Fig.  190), 


Fig.  19a 

and  is  filled  through  this  opening,  which  is  then  hermetically  sealed. 
The  instrument  is  then  immersed  in  two  baths  whose  temperatures 
difier  by  50°,  for  instance,  and  the  mercury  rises  through  a  distance 
mm^  This  length,  if  the  quantity  of  mercury  in  the  reservoir  be 
exactly  sufficient,  should  be  the  third  part  of  the  length  of  the  stem. 
But  the  quantity  of  mercury  in  the  reservoir  is  always  taken  too  large 
at  first,  so  that  it  has  only  to  be  reduced,  and  thus  the  space  traversed 
by  the  liquid  is  at  first  too  great  Suppose  it  to  be  equal  to  f  tbs  of 
the  length  of  the  stem.  The  degrees  will  then  be  too  long,  in  the 
ratio  f :  ^=i-  That  is,  the  reservoir  is  -f  of  what  it  should  be.  We 
therefore  measure  off  f  ths  of  the  length  of  the  reservoir,  beginning 
at  the  end  next  the  stem;  this  distance  is  marked  by  a  line,  and  the 
end  O  is  then  broken  and  the  mercury  suffered  to  escape.     The  glass 
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is  then  melted  down  to  the  marked  line,  and  the  reservoir  is  thus 
brought  to  the  proper  dimensions.  It  only  remains  to  regulate  the 
quantity  of  mercury  admitted,  by  making  it  fill  the  tube  at  the 
highest  temperature  which  the  instrument  is  intended  to  indicate. 

If  the  reservoir  were  spherical,  which  is  a  shape  generally  ill 
adapted  for  delicate  thermometers,  the  foregoing  process  would  be 

inapplicable,  and  it  would  be  necessary  to  deter- 
mine the  proper  size  by  trial 

182.  Thennometric  Scales.  —  In  the  Centigrade 
scale  the  freezing-point  is  marked  0^  and  the  boil- 
ing-point 100^  In  RAiuTnur's  scale,  which  is  still 
sometimes  used  abroad,  the  freezing-point  is  also 
marked  0^  but  the  boiling-point  is  marked  80^ 
Hence,  5  degrees  on  the  former  scale  are  equal  to 
4  on  the  latter,  and  the  reduction  of  temperatures 
from  one  of  these  scales  to  the  other  can  be  effected 
by  multipl3ung  by  -J-  or  ^. 

For  example,  the  temperature  75*"  Centigrade  is 
the  same  as  60**  R^umur,  since  75  x  f =60;  and  the 
temperature  36""  Il^umur  is  the  same  as  45''  Centi- 
grade, since  36xf =45. 

The  relation  between  either  of  these  scales  and 
that  of  Fahrenheit  is  rather  more  complicated,  inas- 
much as  Fahrenheit's  zero  is  not  at  freezing-point, 
but  at  32  of  his  degrees  below  it 

As  regards  intervals  of  temperature,  180  degrees 
Fahrenheit  are  equal  to  100  Centigrade,  or  to  80 
Reaumur,  and  hence,  in  lower  terms,  9  degrees 
Fahrenheit  are  equal  to  5  Centigrade,  or  to  4 
Il^umur. 

The  conversion  of  temperatures  themselves  (as 
distinguished  from  intervals  of  temperature)  will  be 
best  explained  by  a  few  examples. 

Example  1.     To  find  what  temperatures  on  the 
other  two  scales  are  equivalent  to  the  temperature  50*"  Fahrenheit 

Subtracting  32,  we  see  that  this  temperatiue  is  18  Fahrenheit 
degrees  above  freezing-point,  and  as  this  interval  is  equivalent  to 
18  X  f,  that  is  10  Centigrade  degrees,  or  to  18  X  4-,  that  is  8  Reaumur 
degrees,  the  equivalent  temperatures  are  respectively  10**  Centigrade 
and  8*"  Reaumur. 
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Fig.  191. 
Thennometric  Scales. 
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Example  2.  To  find  the  degree  on  Fahrenheit's  scale,  which  is 
qaivalent  to  the  temperature  25''  Centigrade. 

An  interval  of  25  Centigrade  degrees  is  equal  to  25  X  f,  that  is 
45  Fahrenheit  degrees^  and  the  temperature  in  question  is  above 
freezing-point  by  this  amount  The  number  denoting  it  on  Fahren- 
heit's scale  is  therefore  32-f  45,  that  is  77^ 

The  rules  for  the  conversion  of  the  three  thermometric  scales  may 
be  summed  up  in  the  following  formulae,  in  which  F,  C,  and  R  denote 
equivalent  temperatures  expressed  in  degrees  of  the  three  scales: — 

F=|C  +  82=lR+82. 

C=tR=i(F-32). 
R=tC=*(F-32). 

It  is  usual  in  stating  temperatures  to  indicate  the  scale  referred  to 
by  the  abbreviations  Fahr,,  Cent,  lUau.,  or  more  briefly  by  the 
initial  letters  F.,  C,  R 

183.  Apparent  Expansion  of  Mercury.  Degree  of  the  Merourial  Ther- 
monteter. — ^The  indications  of  the  mercurial  thermometer  depend  not 
upon  the  real  but  upon  the  apparent  expansion  of  mer- 
cury, that  is,  upon  the  diiference  between  the  expansion 
of  the  mercury  and  that  of  the  glass  in  which  it  is  con-  ^'" 
tained. 

To  understand  the  physical  meaning  of  a  degree,  sup- 
pose that  we  have  a  thermometric  tube  (Fig.  192)  divided 
into  parts  of  equal  capacity,  and  that  by  gauging  the 
reservoir  we  have  ascertained  its  capacity  to  be  equal  to 
N  of  these  parts.     Mercury  is  introduced,  and  when  the 
instrument  is  surrounded  with  melting  ice  the  mercury 
fills  the  bulb  and  n  parts  of  the  tuba     The  instrument  is    «- 
then  raised  to  the  temperature  of  lOO""  C,  and  the  mercury 
expands  so  as  to  occupy  n'  parts  of  the  stem.     The  appar- 
ent  volumes  of  the  mercury  at  0^  and  100^  Centigrade  are        ^fe 
therefore  N+n  and  N+n'  respectively,  and  the  apparent        ^ 
increase  of  volume  is  n'—n.     The  apparent  increase  per       *' 


n  -» 


unit  volume  is  therefore  nj-r-,  and  as  this  is  the  increase  for  100**  the 

1     n'  •—11       

apparent  expansion  per  degree  Centigrade  is  j-^q  j^-p^.     This  quantity 

is  found  by  experiment  to  be  about  equal  to  ^^^,     Each  degree 
Centigrade  represents  then  a  difference  of  apparent  volume  of  the 

mercury  equal  to  about  ^^^q  of  its  volume  at  freezing-point. 
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184.  Comparability  of  Mercurial  ThermometerB. — This  enables  us  to 
examine  the  important  question,  whether  different  thermometers  are 
comparable  with  each  other,  that  is,  whether  they  will  indicate  the 
same  temperature  under  the  same  conditions.  This  must  evidently 
be  the  case  where  the  glass  employed  for  the  construction  of  the  tubes 
is  absolutely  the  sama  The  agreement  will  likewise  be  exact,  even 
when  the  apparent  expansions  due  ti)  the  quality  of  the  glass  em- 
ployed in  each  case  are  not  the  same,  provided  that  they  preserve  a 
constant  ratio  at  different  temperatures 

Experiment  alone  can  teach  us  whether  this  disagreement  actually 
exists,  and  in  what  degrea  The  result  of  Regnault  s  investigations 
upon  this  point  tends  to  show  that  up  to  SOC"  Cent  this  disagree- 
ment is  almost  nothing,  or,  at  any  rate,  may  be  neglected  with  perfect 
safety;  above  this  point  a  slight  difference  is  observed,  which  increases 
to  about  3**  or  4°  at  the  temperature  of  360**,  that  is,  at  the  superior 
limit  to  the  use  of  the  mercurial  thermometer. 

This  defect  in  the  comparability  of  thermometers,  slight  as  it  is, 
must  be  attributed  to  in*egularities  in  the  expansion  of  the  glassL 
The  influence  of  these  irregularities  would  obviously  be  less  sensible 
with  a  more  expansible  material  than  mercury,  and  this  is  the  reason 
that  in  experiments  where  great  precision  is  necessary  air-thermo- 
meters are  employed,  which  at  the  same  time  serve  to  indicate  the 
highest  temperatures,  whereas  mercury  cannot  be  employed  beyond 
350^  its  boiling-point. 

186.  Displacement  of  the  Zero  Point. — ^A  thermometer  left  to  itself 
after  being  made,  gradually  undergoes  a  contraction  of  its  capacity, 
leading  to  a  uniform  error  of  excess  in  its  indications.  This  pheno- 
menon is  attributable  to  molecular  change  in  the  glass,  which  has^  so 
to  speak,  been  tempered  in  the  construction  of  the  instrument,  and 
to  atmospheric  pressure  on  the  exterior  of  the  bulb,  which  is  unre- 
sisted by  the  internal  vacuum.  The  progress  of  this  change  ceases  at 
the  end  of  a  certain  time,  about  fifteen  or  eighteen  months,  and  the 
displacement  is  always  inconsiderable,  never  amounting  to  a  degree. 
In  precise  experiments,  however,  it  is  necessary  to  verify  the  position 
of  the  zero  point  in  the  thermometer  employed,  and,  in  the  observa- 
tion of  temperatures,  to  take  into  consideration  the  slight  dispkkce- 
ment  which  may  have  occurred. 

186.  Sensibility  of  the  Thermometer. — The  power  of  the  instrument 
to  detect  very  small  differences  of  temperature  may  be  regarded  33 
measured  by  the  length  of  the  degrees,  which  is  proportional  to  the 
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capacity  of  the  bulb  directly  and  to  the  section  of  the  tube  inversely. 
In  fiict,  if  I  denote  the  length  of  one  degree,  and  8  the  sectional  area 

of  the  tube,  { «  will  be  the  volume  of  one  degree,  which  is  ^^g^  C, 
where  C  denotes  the  capacity  of  the  bulb,  together  with  as  much  of 

the  tube  as  is  below  the  freezing-point     Hence,  ^ =54907'  '''^^^^^ 
varies  directly  as  C,  and  inversely  as  8. 

Quickness  of  action,  on  the  other  hand,  requires  that  the  bulb  be 
small  in  at  least  one  of  its  dimensions,  so  that  no  part  of  the  mercury 
shall  be  far  removed  from  the  exterior,  and  also  that  the  glass  of  the 
bulb  be  thin. 

Quickness  of  action  is  important  in  measuring  temperatures  which 
vary  rapidly.  It  should  also  be  observed  that,  as  the  thermometer,  in 
coming  to  the  temperature  of  any  body,  necessarily  causes 
an  inverse  change  in  the  temperature  of  that  body,  it  fol- 
lows that  when  the  mass  of  the  body  to  be  investigated  is 
very  small,  the  thermometer  itself  should  be  of  extremely 
small  dimensions,  in  order  that  it  may  not  cause  a  sensible 
variation  in  the  temperature  to  be  ascertained. 

187.  Weight  Thermometer. — In  this  thermometer,  which 
often  takes  the  place  of  the  ordinary  thermometer  in  physi- 
cal investigations,  the  stem  is  done  away  with,  and  the 
mercury  contained  in  the  reservoir  overflows  into  a  small     '**■  *•*• 
cap,  where  it  is  collected ;  and  the  temperature  is  deduced    mometer. 
from  the  weight  of  the  mercury  which  thus  escapes.     Let 
P  be  the  weight  of  the  mercury  which  fills  the  reservoir  at  freezing- 
point,  and  w  the  weight  which  issues  when  the  instrument  is  placed 
in  the  steamer  in  order  to  determine  the  boiling-point    The  apparent 
expansion  between  these  points  is  evidently  represented  by  the 

fraction  p^:;^  and,  consequently,  the  value  of  a  degree  Centigrade  is 

the  one-hundredth  part  of  this  fraction,  that  is  100  (P~#)'  ^^ppo^ 
now  that  the  instrument,  containing  again  a  weight  P  of  mercury  at 
zero  is  placed  in  a  bath  whose  temperature  we  wish  to  determine,  and 
that  a  weight  p  of  mercury  flows  over.     The  whole  apparent  expan- 

^^^  ^  p?»»  ^^^  dividing  this  by  the  value  of  a  degree,  we  obtain 
tiie  temperature  required,  which  is  thus  expressed  by  the  formula 

T  — — £-  T  p  P-ir 
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188.  Alcohol  Thermometer, — Id  the  coostruction  of  thermometen 
other  liquids  may  be  introduced  instead  of  mercury,  and  alcobd  is 
very  frequently  employed  for  this  purpose.  But  if  an  alcohol  ther- 
mometer were  constructed  so  as  to  agree  with  a  mercurial  thermometer 
at  two  fixed  temperatures,  and  were  graduated  by  dividing  the  inter- 
vening space  into  equal  parts,  and  continuing  the  equal  graduatione 
both  ways,  it  would  be  found  to  give  different  readings  from  a  me> 
curial  thermometer,  except  at  or  very  near  the  two  fixed  temperaturea 
This  &ct  may  be  expressed  by  saying,  that  alcohol  does  not  expand 
equally  for  equal  increments  of  temperature  as  indicated  by  a  meiv 
corial  thermometer;  or,  more  symmetrically,  by  saying  that  intervals 
of  temperature  which  are  equal  as  measured  by  the  expansion  of 
mercury,  are  not  equal  as  measured  by  the  expansion  of  alcohol 
In  practice,  alcohol  thermometers  are  graduated  by  comparison 
with  mercurial  thermometers,  and  the  de- 
grees of  an  alcohol  thermometer  have  conse- 
quently unequal  volumes  in  different  parts 
of  the  scale.  The  degrees,  in  fad;  increase  in 
length  as  we  ascend  on  the  scale. 

Alcohol  has  the  disadvantage  of  being 
slower  in  its  action  than  mercury,  on  ac- 
count of  its  inferior  conductivity;  but  it  can 
he  employed  for  lower  temperatures  than 
mercury,  as  the  latter  congeab  at  —  39°  Cent. 
(^38°  Fahr.),  whereas  the  former  has  never 
congealed  at  any  temperature  yet  attained. 

189.  Self-registering  Thermometers. — It  is 
often  important  for  meteorological  purposes 
to  have  the  means  of  knowing  the  highest  or 
the  lowest  temperature  that  occurs  during  a 
given  interval  Instruments  intended  for 
this  purpose  are  called  maximum  and  mini- 
mum tbermometer& 

The  oldest  instrument  of  this  class  is  Si-x'a 
(Fig.  104  a),  which  is  at  once  a  maximum 
and  a  minimum  thermometer.  It  has  a  lat^ge 
cylindrical  bulb  C  filled  with  alcohol,  which 
also  occupies  a  portion  of  the  tube.  The 
reminder  of  the  tube  is  partly  filled  with  mercury,  which  occupies 
a  portion  of  the  tube  shaped  like  the  letter  U,  one  extremity 
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of  the  mercurial  column  being  in  contact  with  the  alcohol  already 

mentioned,  while  the  other  extremity  is  in  contact  with  a  second 

column  of  alcohol;  and  beyond  this  there  is  a  small  space  occupied 

only  with  air,  so  as  to  leave  room  for  the  expansion  of  the  liquids. 

When  the  alcohol  in  the  bulb  expands  it  pushes  the  mercurial  column 

before  it^  and  when  it  contracts  the  mercurial  column  follows  it.    The 

extreme  points  reached  by  the  two  ends  of  the  mercurial  column  are 

registered  by  a  pair  of  light  steel  indices  c,  d  (shown  on  an  enlarged 

scale  at  K),  which  are  pushed  before  the  ends  of  the  column,  and  then 

are  held  in  their  places  by  springs,  which  are  just  strong  enough  to 

prevent  slipping,  so  that  the  indices  do  not  follow  the  mercury  in  its 

retreat     One  of  the  indices  d  registers  the  maximum  and  the  other 

e  the  minimum  temperature  which  has  occurred  since  the  instrument 

was  last  set     The  setting  consists  in  bringing  the  indices  into  contact 

with  tiie  ends  of  the  mercurial  column,  and  is  usually  effected  by 

means  of  a  magnet.     This  instrument  is  now,  on  account  of  its  com* 

plexity,  little  used.     It  possesses,  however,  the  advantages  of  being 

equally  quick  (or  slow)  in  its  action  for  maximum  and  minimum 

temperatures,  which  is  an  important  property  when  these  tempera* 

tures  are  made  the  foundation  for  the  computation  of  the  mean  tem* 

perature  of  the  interval,  and  of  being  better  able  than  most  of  the 

self-r^pbtering  thermometers  to  bear  slight  jolts  without  disturbance 

of  the  indices. 

Rutkerfords  self-registering  thermometers  are  frequently  mounted 
together  on  one  frame,  as  in  Fig.  195,  but  are  nevertheless  distinct 
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iostrumenta  His  minimum  thermometer,  which  is  the  only  mini- 
mum thermometer  in  general  use,  has  alcohol  for  its  fluid,  and  is 
always  placed  with  its  tube  horizontal,  or  nearly  so.  In  the  fluid 
column  there  is  a  small  index  n  of  glass  or  enamel,  shaped  like  a 
domb-belL 

When  contraction  occurs,  the  index,  being  wetted  by  the  liquid,  is 
forced  backwards  by  the  contractile  force  of  the  superficial  film  which 
forms  the  extremity  of  the  liquid  column  (§  97) ;  but  when  expansion 
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takes  place  the  index  remains  stationary  in  the  interior  of  the  Uquid 
Hence  the  minimum  temperature  is  indicated  by  the  position  of  the 
forward  end  of  the  index.  The  instrument  is  set  by  inclining  it  so 
as  to  let  the  index  slide  down  to  the  end  of  the  liquid  column. 

The  only  way  in  which  this  instrument  is  liable  to  derangement, 
is  by  a  portion  of  the  spirit  evaporating  from  the  column  and  becoming 
condensed  in  the  end  of  the  tube,  which  usually  terminates  in  a 
small  bulb.     When  the  portion  thus  detached  is  large,  or  when  the 
column  of  spirit  becomes  broken  into  detached  portions  by  rough 
usage  in  travelling,  *'  let  the  thermometer  be  taken  in  the  band  by 
the  end  farthest  from  the  bulb,  raised  above  the  head,  and  then 
forcibly  swung  down  towards  the  feet;  the  object  being,  on  the  prin- 
ciple of  centrifugal  force,  to  send  down  the  detached  portion  of  spirit 
till  it  unites  with  the  column.     A  few  throws  or  swinging  strokes 
will  generally  be  sufficient;  after  which  the  thermometer  should  be 
placed  in  a  slanting  position,  to  allow  the  rest  of  the  spirit  still 
adhering  to  the  sides  of  the  tube  to  drain  down  to  the  column.    But 
another  method  must  be  adopted  if  the  portion  of  spirit  in  the  top  of 
the  tube  be  small     Heat  should  then  be  applied  slowly  and  cautiously 
to  the  end  of  the  tube  where  the  detached  portion  of  spirit  is  lodged; 
this  being  turned  into  vapour  by  the  heat  will  condense  on  the  sur- 
face of  the  unbroken  colunm  of  spirit.     Care  should  be  taken  that 
the  heat  is  not  too  quickly  applied.  .  .  .  The  best  and  safest  way  to 
apply  the  requisite  amount  of  heat,  is  to  bring  the  end  of  the  tube 
slowly  down  towards  a  minute  flame  from  a  gas-burner;  or  if  gas  is 
not  to  be  had,  a  piece  of  heated  metal  will  serve  instead."^ 

Eutherford's  'maxi'mu'ni  thermometer  is  a  mercurial  thermometer, 
with  the  stem  placed  horizontally,  and  with  a  steel  index  c  in  the 
tube  outside  the  mercurial  column.  When  expansion  occurs,  the 
index,  not  being  wetted  by  the  liquid,  is  forced  forwards  by  the  con- 
tractile force  of  the  superficial  film  which  forms  the  extremity  of  the 
liquid  column  (§97);  but  when  contraction  takes  place,  the  index 
remains  stationary  outside  the  liquid.  Hence  the  maximum  tem- 
perature is  indicated  by  the  position  of  the  backward  end  of  the 
index.  The  instrument  is  set  by  bringing  the  index  into  contact 
with  the  end  of  the  liquid  column,  an  operation  which  is  usually 
effected  by  means  of  a  magnet 

This  thermometer  is  liable  to  get  out  of  order  after  a  few  years'  use, 
by  chemical  action  upon  the  surface  of  the  index,  which  causes  it  to 

'  Buchan'B  Handy  Book  cf' MeUoroloffyf  p.  62. 
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become  wetted  by  the  mercury,  and  thus  renders  the  instrument 
uselesa 

PhiUipa  maximum  thermometer  (invented  by  Professor  Phillips, 
the  eminent  geologist^  and  made  by  Casella)  is  recommended  for  use 
in  the  official  Instructions  for  Taking  Meteorological  Observations, 
drawn  up  by  Sir  Henry  James  for  the  use  of  the  Royal  Engineera 
It  is  a  mercurial  thermometer  not  deprived  of  air.     It  has  an  exceed* 


Fif.  194  b.— FUUipi'  Ifaadmiim  TtMnnoinettr. 

iogly  fine  bore,  and  the  mercurial  column  is  broken  by  the  insertion 
of  a  small  portion  of  air.  The  instrument  is  set  by  reducing  this 
portion  of  air  to  the  smallest  dimensions  i^hich  it  can  be  made  to 
assume,  and  is  placed  in  a  horizontal  position.  When  the  mercury 
expands  it  pushes  forwards  this  intervening  air  and  the  detached 
column  of  mercury  beyond  it;  but  when  contraction  takes  place  the 
intervening  air  expands,  and  the  detached  column  remains  unmoved 

"The  thread  of  mercury  in  these  thermometers  is  easily  broken  at 
any  point,  required,  by  simply  raising  the  bulb  end,  and  allowing  the 
mercury  to  run  into  the  open  cell  at  the  end ;  and,  as  it  descends, 
detaching,  with  a  slight  jerk,  as  much  of  it  as  may  be  thought  neces- 
sary, which  should  be  an  inch,  or  an  inch  and  a  half/^^ 

The  detached  column  is  not  easily  shaken  out  of  its  place,  and 
when  the  bore  of  the  tube  is  made  sufficiently  narrow  the  instrument 
may  even  be  used  in  a  vertical  position,  a  property  which  is  often  of 
great  service. 

In  Negretti  and  Zambra's  maximum  thermometer  (Fig.  194),  which 
is  employed  at  the  Royal  Observatory,  Greenwich,  there  is  an 
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obstruction   in  the  bent  part  of  the  tube,   near  the  bulb,  which 
barely  leaves  room  for  the  mercury  to  pass  when  forced  up  by 

*  Imtrwctumsfor  Taking  Meteorological  Obtervatiom,  By  Colonel  Sir  Henry  James,  R.E., 
Sector  of  the  Ordnanoe  Survey. 
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expansion,  and  is  sufficient  to  prevent  it  from  returning  when  the 
bulb  cools. 

The  objection  chiefly  urged  against  this  thermometer  is  the  extreme 
mobility  of  the  detached  column,  which  renders  it  very  liable  to 
accidental  displacement;  but  in  the  hands  of  a  skilful  observer 
this  is  of  no  moment.  Dr.  Balfour  Stewart  {Elementary  Treatm 
on  Heat  J  p.  20,  21),  says: — "When  used,  the  stem  of  this  instru- 
ment ought  to  be  inclined  downwarda  ...  It  does  not  matter 
if  the  column  past  the  obstruction  go  down  to  the  bottom  of  the  tube; 
for  when  the  instrument  is  read,  it  is  gently  tilted  up  until  this 
detached  column  flows  back  to  the  obstruction,  where  it  is  arrested, 
and  the  end  of  the  column  will  then  denote  the  maximum  tem- 
perature. In  resetting  the  instrument,  it  is  necessary  to  shake  the 
detached  column  past  the  obstruction  in  order  to  fill  up  the  vacancy 
left  by  the  contraction  of  the  fluid  after  the  maximum  had 
been  reached." 

Mercurial  Minimum  Thermometers.  —  As  it  is  obvi- 
ously undesirable  that  the  minimum  thermometer  employed 
should  be  slower  in  its  action  than  the  maximum  thermo- 
meter used  in  conjunction  with  it,  several  attelnpts  have 
been  made  to  construct  a  minimum  thermometer  in  which 
mercury  instead  of  alcohol  shall  be  the  expanding  fluid  (see 
a  description  of  Casella's  mercurial  minimum  thermometer, 
Stewart  on  Heat,  p.  22) ;  but  no  one  has  yet  succeeded  in 
producing  such  an  instrument  fit  for  general  use. 

Deep-sea.  and  Well  Thermometers. — The  instruments 
which  have  been  most  successfully  employed  for  the  obser- 
vation of  the  temperature  of  water  at  great  depths  are  self- 
registering  thermometers  either  of  Six's  or  Phillips'  con- 
struction, inclosed  in  a  glass-case,  hermetically  sealed,  con- 
taining air  and  a  little  alcohol.    The  glass-case  and  inclosed 
air  protect  the  bulb  of  the  thermometer  from  the  immense 
pressure  of  tlie  superincumbent  water,  which  by  compress- 
ing the  bulb  would  force  mercury  into  the  tube,  and  make 
the  reading  too  high.     The  instrument  represented  in  Hg. 
Pig.  iMc.   1940  was  designed  by  Sir  Wm.  Thomson,  and  is  used  by 
Protected   the  Committee  on  Underground  Temperature  appointed 
Thermometer.  1^^  the  British  Associatiou.    A  is  the  protecting  case,  B 
the  Phillips'  thermometer  inclosed  in  it^  and  supported  by  three 
pieces  of  cork  ccc.    A  small  quantity  of  spirit  e  occupies  the  lower 
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part  of  ihe  case;  d  is  the  air-bubble  characteristic  of  Phillips' 
ti)crmometer,  and  serving  to  separate  one  portion  of  the  mercurial 
oolamn  from  the  rest  In  the  figure  this  air-bubble  is  represented  as 
expanded  by  the  descent  of  the  lower  portion  of  mercury,  while  the 
upper  portion  remains  suspended  by  adhesion.  This  instrument  has 
been  found  to  raster  correctly  even  under  a  pressure  of  2|  tons  to 
the  square  inch. 

The  use  of  the  spirit  8  is  to  bring  the  bulb  more  quickly  to  the 
temperature  of  the  surrounding  medium. 

Another  instrument,  designed,  like  the  foregoing,  for  ob- 
servations in  wells  and  borings,  is  Walferdin's  Tnaximum 
thermometer  (Fig.  196).     Its  tube  terminates  above  in  a  fine 
pomt  opening  into  a  cavity  of  considerable  size,  which  con- 
tains a  sufficient  quantity  of  mercury  to  cover  the  point 
when  the  instrument  is  inverted.     The  instrument  is  set  by 
placing  it  in  this  inverted  position  and  warming  the  bulb 
until  the  mercury  in  the  stem  reaches  the  point  and  becomes 
connected  with  the  mercury  in  the  cavity.     The  bulb  is  then 
cooled  to  a  temperature  lower  than  that  which  is  to  be  ob- 
served, and  during  the  operation  of  cooling  mercury  enters 
the  tube  so  as  always  to  keep  it  full     The  instrument  is 
then  lowered  in  the  erect  position  into  the  bore  where  ob- 
servations are  to  be  made,  and  when  the  temperature  of  the 
mercury  rises  a  portion  of  it  overflows  from  the  tube.     To 
ascertain  the  maximum  temperature  which  has  been  experi- 
encedy  the  instrument  may  be  immersed  in  a  bath  of  known 
temperature,  less  than  that  of  the  boring,  and  the  amount  of 
void  space  in  the  upper  part  of  the  tube  will  indicate  the 
excess  of  the  maximum  temperature  experienced  above  that  of  the 
bath. 

If  the  tube  is  not  graduated,  the  maximum  temperature  can  be 
ascertained  by  gradually  raising  the  temperature  of  the  bath  till  the 
tube  is  just  full 

If  the  tube  is  graduated,  the  graduations  can  in  strictness  only 
indicate  true  degrees  for  some  one  standard  temperature  of  setting, 
since  the  length  of  a  true  degree  is  proportional  to  the  quantity  of 
mercury  in  the  bulb  and  tube ;  but  a  diflFerence  of  a  few  degrees  in 
ihe  temperature  of  setting  is  immaterial,  since  lO""  Cent  would  only 
alter  the  length  of  a  degree  by  about  one  six-hundredth  part 
190.  Thermograph. — ^A  much  more  complete  method  of  obtaining 
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a  register  of  the  indications  of  a  thermometer  in  the  absence  of  an 
observer  is  now  adopted  in  the  principal  British  observatoriea    It 
consists  in  the  photographic  registration  of  the  height  of  the  mercurial 
column  at  every  instant  during  the  entire  day.     A  sheet  of  sensitized 
paper  is  mounted  on  a  vertical  cylinder  just  behind  the  mercorial 
column,  -which  is  also  vertical,  and  is  protected  from  the  action  of 
light  by  a  cover  of  blackened  zinc,  with  the  exception  of  a  narrow 
vertical  strip  just  behind  the  mercurial  column.     A  strong  beam  of 
light  from  a  lamp  or  gas  flame  is  concentrated  by  a  cylindric  lens,  so 
that  if  the  thermometer  were  empty  of  mercury  a  bright  vertical 
line  of  light  would  be  thrown  on  the  paper.     As  this  beam  of  light 
is  intercepted  by  the  mercury  in  the  tube,  which  for  this  purpose  is 
made  broad  and  flat,  only  the  portion  of  the  paper  above  the  top  of 
the  mercurial  column  receives  the  light,  and   is  photographically 
affected.     The  cylinder  is  made  to  revolve  slowly  by  clock-work,  and 
if  the  mercury  stood  always  at  the  same  height,  the  boundary  between 
the  discoloured  and  the  unaffected  parts  of  the  paper  would  be  straight 
and  horizontal,  in  consequence  of  the  horizontal  motion  of  the  paper 
itself     In  reality,  the  rising  and  falling  of  the  mercury,  combined 
with  the  horizontal  motion  of  the  paper^  causes  the  line  of  separation 
to  be  curved  or  wavy,  and  the  height  of  the  curve  above  a  certain 
datum-line  is  a  measure  of  the  temperature  at  each  instant  of  the 
day.^    The  whole  apparatus  is  called  a  thermograph,  and  apparatus 
of  a  similar  character  is  employed  for  obtaining  a  continuous  photo- 
graphic record  of  the  indications  of  the  barometer^  and  magnetic 
instruments. 

191.  Metallio  Thermometers. — Thermometers  have  sometimes  been 
constructed  of  solid  metals.  Breguet's  thermometer,  for  example 
(Fig.  197),  consists  of  a  helix  carrying  at  its  lower  end  a  horizontal 
needle  which  traverses  a  dial.  The  helix  is  composed  of  three 
metallic  strips,  of  silver,  gold,  and  platinum,  soldered  together  so  as 
to  form  a  single  ribbon.  The  silver,  which  is  the  most  expansible,  is 
placed  in  the  interior  of  the  helix ;  the  platinum,  which  is  the  least 

^  Strictly  speaking,  the  temperatures  ooiresponding  to  the  various  points  of  the  carve  are 
not  read  off  by  reference  to  a  single  datum-line,  but  to  a  number  of  datom-linea  which 
represent  the  shadows  of  a  set  of  horizontal  wires  stretched  across  the  tube  of  the  ther- 
mometer at  each  degree,  a  broader  wire  being  placed  at  the  decades^  and  also  at  82^,  52*, 
and  72». 

In  order  to  give  long  degrees,  the  bulb  of  the  thermometer  is  made  veiy  laiige — dght 
inches  long,  and  *4  of  an  inch  in  internal  diameter. — {Greenwich  ObiervatumM^  1847.) 
,   •  See  §  110a. 
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espuuible,  od  the  exterior;  and  the  gold  serves  to  conaect  them. 
When  the  temperature  riees,  the  helix  tmwinds  and  prodncea  a 
defiedaon  of  the  needle;  when  the  temperature  falla,  the  helix  winda 
up  ind  deflects  the  needle  in  the  opposite  direction. 

Fig.  ]  98  represeots  another  dial-thermometer,  in  which  the  therroo- 
metric  portion  is  a  double  strip  comnosed  of  steel  and  brass,  bent  into 
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a  circular  fonn.  One  extremity  is  fixed,  the  other  is  jointed  to  the 
sborter  arm  of  a  lever,  whose  longer  arm  carries  a  toothed  sector. 
This  latter  works  into  a  pinion,  to  which  the  needle  is  attached. 

It  may  be  remarked  that  dial-thermometers  are  very  well  adapted 
for  indicating  maximum  and  minimum  temperatures,  it  being  ODly 
necessary  to  place  on  opposite  sides  of  the  needle  a  pair  of  movable 
indices,  which  could  be  pushed  in  either  direction  according  to  the 
variations  of  temperatura 

Generally  speaking,  metallic  thermometers  offer  great  facilities  for 
aatomatic  registration. 

In  Secchi's  meteorc^rapb,  for  example,  the  temperature  is  indi- 
cated and  Festered  by  the  expansion  of  a  long  strip  of  brass  (about 
17  metres  long)  kept  cnnstantly  stretched  by  a  suitable  weight;  this 
expansion  is  rendered  sensible  by  a  system  of  levers  connected  witli 
the  tracing  point  The  thermograph  of  Hasler  and  Escher  consists  of 
a  steel  and  a  brass  band  connected  together  and  rolled  into  the  form 
of  a  apiraL  The  movable  extremity  of  the  spiral,  by  acting  npon  a 
projecting  arm,  produces  rotation  of  a  steel  axis  which  carries  the 
tracer. 
192.    Pyrometerfl. — Metallic   thermometers   can  generally  be  em- 
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ployed  for  measuring  higher  temperatui-ea  than  a  mercurial  ther- 
mometer could  bear;  but  there  is  great  difficulty  in  conaimcting  any 
instrument  to  measure  temperatures  aa  high  as  those  of  fuinacea. 
Instruments  intended  for  this  purpose  are  called  pyrometers. 

Wedgwood,  the  famous  potter,  invented  an  apparatus  of  this  kind, 
confiistiug  of  a  gauge  for  measuring  the  contraction  experienced  by» 
piece  of  baked  clay 
when  placed  in  a  fur- 
nace; and  Brongni- 
art  introduced  into 
the  porcelun  mauu- 
factory  at  Sfevres 
n,.  iw.-BTOwni.rf.  Pnon»tar,  ^ho    instruTDetit  re- 

preseuted  inFig.  109, 
consisting  of  an  iron  bar  lying  in  a  groove  in  a  porcelain  slab,  with 
one  end  abutting  gainst  the  bottom  of  the  groove,  and  the  oUier 
projecting  through  the  side  of  the  furnace,  where  it  gave  motJoa  to 
an  indicator. 

Neither  of  these  instruments  lias,  however,  been  found  to  furnish 
consistent  indications,  and  the  only  instrument  that  is  now  relied 
on  for  the  measurement  of  very  high  temperatures  is  the  air-ther- 
mometer. 

193.  Difi^ntUl  Thermometer. — Leslie  of  Edinburgh  invented,  in 
the  beginning  of  the  present  century,  an  ingenious  instrument  which 
enables  us  to  measure  small  variations  of  temperature.  A  column  of 
sulphuric  acid,  coloured  red,  stands  in  the  two  branches  of  a  bent 
tube,  the  extremities  of  which  terminate  in  two  globes  of  equal 
volume  (Fig.  200). 

When  the  air  contained  in  the  two  globes  is  at  the  same  tempera-     j 
ture,  whatever  that  temperature  may  be,  the  liquid,  if  the  instrument 
is  in  order,  stands  at  the  same  height  in  the  two  branchea     This 
point  is  marked  zero.     One  of  the  globes  being  then  maintained  at  a    i 
constant  temperature,  the  other  is  raised  through,  for  instance,  5  de- 
grees, when  the  column  lises  on  the  side  of  the  colder  globe  up  to  a 
point  o,  and  descends  on  the  other  side  to  a  point  6.     Suppose  the 
space  traversed  by  the  liquid  in  each  branch  to  be  divided  into  10 
equal  parts,  each  part  will  be  equivalent  to  a  quarter  of  a  d^ree. 
This  division  is  continued  upon  each  branch  on  both  sides  of  zera 
The  differential  thermometer  is  an  instrument  of  great  sensibi^ty, 
and  enabled  Leslie  to  make  some  very  delicate  investigations  on  the 
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Bulyect  of  the  radiation  of  heat.  It  is  now,  however,  superseded  by 
the  thermo-pile  invented  by  MellonL  This  latter  instrument  will  be 
described  in  another  portion  of  this  work.  Bumford's  thermoscope 
(fig.  201)is  analogous  to  Leslie's  differential  thermometer.    It  differs 
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from  it  in  having  the  horizontal  part  much  longer,  and  the  vertical 
branches  shorter.  In  the  horizontal  tube  is  on  alcohol  index,  which, 
wbea  the  two  globes  are  at  the  same  temperature,  occupies  exactly 
the  middle. 

The  tube  is  divided  into  equal  parts,  and  the  number  of  divisions 
traversed  by  the  index  is  proportional  very  nearly  to  tie  difference 
of  temperature  between  the  two  bulba 
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194.  Meaflnre  of  Expansion,  Factor  of  Expansion. — ^When  a  sub- 
stance expands,  so  that  its  volume  changes  from  V  to  V'=V+v,  tlie 

ratio      is  the  numerical  measure  of  the  expansion  per  unit  volume, 

and  is  usually  called  simply  the  expansion  of  the  substance. 

Another  ratio  which  it  is  frequently  necessary  to  consider,  is  y ,  or 

1  +y,  that  is  to  say,  the  ratio  of  the  final  to  the  initial  volume.  This 
may  conveniently  be  called  the  factor  of  expaTiaion,  or  the  eoqxinsion 
factor.  If  7>i  denote  the  expansion,  1  +m  will  be  the  factor  of  ex- 
pansion, and  we  have 

V  =  V(l+m).  (1) 

195.  Coeffloient  of  Expansion. — It  often  happfens  that  when  the 
temperature  of  a  body  is  increased  by  successive  equal  amounts, 
the  successive  increments  of  volume  are  also  equal  In  this  case  the 
body  is  said  to  expand  uniformly  between  the  extreme  temperatures, 
and  if  V  denote  the  volume  of  the  body  at  0®  Cent,  and  V  its 
volume  at  f,  then  we  have 

V'«V(1+K0;  (2) 

where  K  is  a  constant  number,  called  the  coefficient  of  expansion 
per  degree  Centigrade. 

The  coefficient  of  expansion  per  degree  Fahrenheit  will  be  ^  of 
this  value  of  K,  and  the  coefficient  of  expansion  for  the  interval 
from  0''  to  100**  C.  (if  the  expansion  be  uniform  through  this  range) 
wiU  be  100  K. 

196.  It  is  usual  to  employ  the  name  coefficient  of  expansion  to 
denote  the  coefficient  of  expansion  per  degree,  the  thermomeiric  scale 
referred  to  being  stated  in  the.  context 
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Gxampla  The  volume  of  a  glass  vessel  is  450  cubic  inches  at 
0°  C;  find  its  volume  at  80°  C,  the  coefficient  of  expansion  for  glass 
being  -00002.     By  (1)  we  have 

V  =  4G()  (1  +  SO  X  -00002)  =  450-72  caUo  IndMi. 

197.  Cnbio,  LiDMr,  and  Baperfloial  Expansion, — Thus  far  we  have 
considered  only  expansion  of  volume.  When  a  solid  body  expands, 
we  may  consider  separately  the  increase  of  one  of  the  linear  dimen- 
dona  of  the  body;  this  is  called  the  linear  expansion.  Or  we  may 
consider  the  increase  in  area  of  any  portion  of  its  surface,  which  is 
called  the  superficial  expansion;  or  finally,  the  increase  of  volume, 
which  is  called  expansion  of  volume,  or  cubical  expansion.  By 
substituting  the  words  "length"  and  "suriace"  for  "volume"  in  §194 
we  obtain  definitions  of  linear  and  superlicial  expansion  as  numerically 
expressed,  and  we  can  demonstrate  the  two  following  propositions: — 
(1.)  The  cubical  expansion  is  three  times  the  linear  expansion. 
(2)  The  superficial  expansion  is  twice  the 
linear  expansion. 

Suppose  Fig.  202  to  represent  a  cube  formed 
of  aDy  substance,  and  let  the  length  of  each  edge 
of  the  cube  be  unity  at  zero ;  the  volume  is  con- 
sequently equal  to  1,  and  the  area  of  any  one 
of  the  faces  is  also  represented  by  1.      If  the  _    ^^^ 

body  be  heated  to  any  temperature  t,  each  of  the 
edges  will  increase  by  a  certain  quantity  I,  and  the  area  of  each  &ce 
will  become  (l+iy  =1  +  21+1^,  while  the  volume  of  the  cube  will 
become 

But  as  the  quantity  I,  which  represents  the  linear  expansion,  is 
always  very  small,  we  may,  without  sensible  error,  neglect  its  second 
and  tliird  powers  in  com|>arisoD  with  its  first  power.  We  thus  see 
that  the  increase  in  area  of  one  of  the  faces  of  the  cube  is  sensibly 
equal  to  22,  and  that  the  increase  in  volume  ia  sensibly  equal  to  3^, 
which  proves  the  propositions.  These  propositions  evidently  hold 
for  the  coefficients  of  expansion,  so  that  we  may  say  that  the  coeffi,- 
dent  of  linear  expaTision  ia  eqiuil  to  one-third  of  the  coefficient  of 
cubical  ea^panaion,  and  to  one-half  of  the  coefficient  of  superfixdal 
expansion. 

The  above  demonstration  supposes  the  body  to  remain  similar  to 
itself  during  expansion,  which  b  not  the  case  with  bodies  of  a  fibrous 
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r  laminated  structure,  nor  with  crystals,  except  those  belong^g  to 
he  cubic  system. 

198.  Varioas  Formnle. — From  equations  (1)  and  (2)  ve  may  find 
he  value  of  V  in  terms  of  V,  tlms. 


hat  is  to  say,  given  the  volume  of  a  body  at  a  certain  temperature, 
he  volume  at  zero  is  found  by  dividing  ttie  given  volv/tm  hy  the 
actor  of  expansion. 

Formulffl  (1),  (2),  (3),  and  (4)  are  particular  cases  of  a  more  general 
srmula.  Let  Y  and  V  be  the  volumes  of  the  same  body  at  tempera- 
ures  (  and  C  respectively,  U  the  volume  at  zero,  K  the  coefficient  of 
zpansion,  and  m  and  m'  the  respective  expansions  between  0  and  f, 
nd  0  and  if.    We  then  have,  by  formulae  (1)  and  (2), 

Y  =  U(l+n')  =  U(H-K() 

T'=U  <l  +  ni-)=U  {l  +  K(); 
rhence  by  division 

V     J  +  M     1  +  K(  ,_ 

V^'=iTm'  =  lTK?'  ^^' 

r  ike  volwmea  of  the  same  body  at  different  temperatui-ea  are  pro- 
'ortional  to  tkefactora  of  expansion. 

The  above  formnlfe  are  evidently  applicable  also  to  linear  and  super- 
icial  expansions. 

199.  Inflnenoe  of  Temperature  upon  Density. — As  the  density  of  a 
ubstance  is  inversely  as  the  volume  occupied  by  unit  mass,  it  follows 
rom  last  section  that  the  denaitiee  of  the  earns  aubatance  at  different 
miperaturee  are  inversely  as  the  factors  of  expansion,  so  that  if  D, 
>',  I>o  denote  the  densities  at  the  temperatures  t,  tf,  0,  then 


D-    l+m     1+K(' 

SOO.  Correction  of  Specilc  Oravity  fbr  Temperature. — Let  d  be  the 
ensity  of  a  substance  at  temperature  f  Cent.,  and  df^  its  density  at 
''  C.  Also,  let  X)  be  the  density  of  water  at  t"  C,  and  D^  its  density 
t  V  G.  (the  temperature  of  maximum  density).     Then  if  the  specific 
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grayiiy  of  the  substance  be  computed  by  comparing  its  density  with 
thai  of  water  at  the  same  temperature,  as  in  the  ordinary  methods  of 

experimental  determination,  the  specific  gravity  thus  obtained  is  ^, 

and  has  different  values  according  to  the  temperature  at  which  the 
determination  is  mada 
The  specific  gravity  as  commonly  given  in  tables  is  the  value  of 

^;  that  is  to  say,  is  the  ratio  of  the  density  of  the  substance  at  0"*  C. 

to  that  of  water  at  the  temperature  of  maximum  density.   The  tabular 

specific  gravity  is  easily  derivable  from  the  observed  specific  gravity  j^* 

if  the  law  of  expansion  of  the  substance  be  known;  for  if  l-fm 
be  the  factor  of  expansion  of  the  substance  from  0**  C.  to  t°  C,  and 
1  +e  the  factor  of  expansion  of  water  from  4"^  C.  to  f  C,  then 

D4=I>(U«). 

Hence, 

In  the  case  of  solid  bodies  this  correction  is  generally  of  little  im- 
portance ;  but  in  determining  the  specific  gravities  of  liquids,  espe- 
cially those  which  are  very  expansible  by  heat,  it  cannot  be  neglected. 

201.  Formnlss  for  the  Expansion  of  Oases. — The  volume  of  a  gas 
depends  both  on  the  temperature  and  on  the  pressure  to  which  it  is 
subjected;  hence  the  formulse  of  expansion  for  this  class  of  bodies  are 
somewhat  more  complicated.  Suppose  we  wish  to  find  the  relation 
between  the  volumes  V  and  V  of  the  same  mass  of  gas  at  tempera- 
tures t  and  t',  and  under  pressures  P  and  F  respectively.  Let  U  be 
the  volume  of  the  given  mass  of  gas  at  pressure  P  and  temperature 
f,  and  let  a  be  the  coefficient  of  expansion  of  the  gas. 

The  two  volumes  Y  and  U,  being  under  the  same  pressure,  are 
proportional  to  the  expansion  factors  corresponding  to  their  tempera- 
tures (§  198),  which  gives 

Y_l  +  ai 

The  volumes  U  and  V,  at  the  same  temperature  t\  are,  by  Boyle's 
Jaw,  inversely  proportional  to  the  pressures;  whence  we  have 

v  p* 
From  these  two  equations  we  obtain  by  multiplication 
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0) 


T    P  1  +  ar 

which  means  that  the  volwnea  assumed  by  the  same  m/iss  of  gas  are 
inversely  lyroportional  to  the  pressures,  and  directly  proportional 
to  the  expansion  factors  corresponding  to  the  terrvperaiures. 

From  equation  (9)  we  may  easily  deduce  another  equation,  by 
remarking  that  the  densities  of  the  same  quantity  of  gas  must  be 
inversely  as  the  volumes  occupied.     Thus  we  have 

D     P    l  +  a«' 


D'    F   l  +  a«' 


(10) 


which  signifies  that  the  density  of  a  gas  varies  directly  as  the  pres- 
sure, and  inversely  as  the  expansion  factor  corresponding  to  the 
temperature. 
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202.  Laplaee  and  Lavoisier'B  Experiments. — ^Laplace  and  Lavoisier 
determined  the  linear  expansion  of  a  great  number  of  solids  by  the 
following  method. 

The  bar  AB  (Fig.  203)  whose  expansion  is  to  be  determined,  has 
one  end  fixed  at  A,  while  the  other  can  move  freely,  pushing  before 
it  the  lever  OB,  which  is  -| 
movable  about  the  point 
O,  and  carries  a  tele- 
scope whose  line  of  sight 
is  directed  to  a  scale  at 
some  distance.  It  is  evi- 
dent that  a  displacement 
BB'  will  correspond  to  a 
considerably  grreater  length 

CCr  on  the  scale,  which  will  p^„^^,.  ^  ^  u-^w  J°?: 
increase  with  the  distance 
of  the  scale  from  the  telescope.  The  ratio  of  CC  to  BB'  is  equal 
to  the  ratio  of  OC  to  OB,  and  is  the  same  throughout  the  whole 
coarse  of  experiments.  In  order  to  determine  this  ratio  once  for  all, 
we  have  only  to  measure  the  distance  CC  on  the  scale  correspond* 
iug  to  a  knovm  displacement  BB'. 

The  apparatus  employed  by  Laplace  and  Lavoisier  is  shown  in  Fig. 
204.  The  trough  C,  in  which  is  laid  the  bar  whose  expansion  is  to 
be  determined,  is  placed  between  four  massive  uprights  of  hewn  stone 
N.  One  of  the  extremities  of  the  bar  rests  against  a  fixed  bar  B', 
firmly  joined  to  two  of  the  uprights;  the  other  extremity  pushes  the 
bar  B,  which  produces  the  rotation  of  the  axis  <ia\  This  axis  carries 
with  it  in  its  rotation  the  telescope  LL',  which  is  directed  to  the 
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Bcaia     The  first  step  ia  to  surroand  the  bar  with  melting  ice,  and  then 
observe  the  number  on  the  scale  marked  by  the  line  of  eight  of  tiie 

■Jin 
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telescope;  The  temperature  of  the  trough  ia  then  raised,  and  the 
corresponding  increase  of  length  is  measured. 

lApIace  and  Lavoisier  have  discovered  by  this  means  that  the 
expansion  of  solids  is  sensibly  uniform  between  O'and  100°  C;  above 
this  latter  point  it  varies  with  the  temperature. 

The  following  table  contains  the  most  important  results  obtained 
by  them: — 

COUTIOIENTS  or   LlKXAB  ExFAHSIOX. 

Soft  wrangbt  iron,      .    .    ,  0000012204 

Boimd  iniD,  wire  dravD,       .  0000012300 

English  flint-glus,      .     .    .  0*000006118 

Oold,  procured  by  parting,  .  OiWOOKeSO 

PUtiu, 0000009818 

Lead, 0000083483 

Fnnch  gluB  with  lead,   ,     .  0000008715 

Sheet  ono, 0-0OOO294IB 

ForGcdane, OOOOOSIOSS 


Gold,  Faiuitaiidard,uiDe&Ied,  0000016153 
„  „  niiaiineal«l,0-000OI5515 

Steel  not  tampered,  .  .  .  0'0O0ai0TS2 
TUnpetvd  Bteel  reheated  to  6G°,  0000012395 
BilT«T  oblAioed  by  cupelUtion,  0-00001B075 
^rer,  Parii  itandard. 


Malacca  tin. 


-00001B083 
0000017173 
0-000018782 
0000018376 


Falmouth  tin, 0-000021720 

A  simpler  and  probably  more  accurate  method  of  observing  expan- 
sions was  employed  by  Ramsden  and  Roy.  It  consists  in  the  direct 
oheervatioQ  of  the  distance  moved  by  either  end  of  the  bar,  by  means 
of  two  microscopes  furnished  with  micrometera,  the  microacopes 
themselves  being  attached  to  au  apparatus  which  is  kept  at  a  constant 
temperature  by  means  of  ice. 

JM)3.  CompenMtiDff  Pendolam. — ^The  pendulum,  as  we  know,  i^^u- 
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latea  the  motion  of  a  clock.  Suppose  the  clock  to  keep  exact  time 
at  Che  temperature  of  zero;  then  if  the  temperature  rises  the  length 
ofthependulum  will  increase,  and  with  it  the  duration  of  each  oscilla- 
tion, so  that  the  clock  will  lose.  The  opposite  effect  would  be  pro- 
duced by  a  fall  of  the  temperature  below  zero.  We  thus  see  that 
clocks  are  liable  to  go  too  fast  in  winter,  and  too  slow  in  summer, 
and  that  we  must  move  the  bob  of  the  pendulum  from  time  to  time 
in  order  to  insure  tlieir  regularity. 

The  eifect  of  temperature  may  be  notably 
diminisbed  by  means  of  compensating  pendo- 
Iiims,  of  which  there  are  several  different 
kinda 

1.  Harrison's  Oridiron  Pendulum. — This 
consists  of  four  oblong  frames,  the  uprights  of 
which  are  alternately  of  steel  F  and  of  brass 
C  (Fig.  205);  the  brass  uprights  rest  upon 
the  bottom  of  the  steel 

fames,  and  to  the  top 1  ^ 

of  the  second  brass 
faatK  is  attached  the 
steel  rod  carrying  the 
bob.  From  this  ar^ 
nngement  it  follows 
tbftt  the  effect  of  the 
lengthening  of  the  steel 
rods  will  be  to  lower 
tbe  bob,  while  tiiat  of 


■  the  brasa*      If  L  and  L'  be  the 


kltogethsr  n^leclad,  md  the  ch&nge  of  dimen- 
imeiit  at  Inertwt  ths  oonditum  of  coiop«iiMtion 
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Bum  of  the  lengths  of  the  eteel  and  brass  rods  respectively;  tlien 
ttis  neutralizatioD  will  be  effected  if  LKi=L'K'i,  or  if  LKsL'K', 
where  K  and  K.'  are  the  respective  coefficients  of  expansion  of  steel 
and  brass. 

From  the  table  on  pa^  270  we  learn  that  C  is  about  §  E'; 

thus  the  sum  of  the  lengths  of  the  brass  rods  must  be  about  J 

of  that  of  the  steel  rods.     This  result  shows  that  we  must  have  at 

least  two  bi'ass  frames,  for  with  only  one  the  compensating  effect 

could  not  be  produced,  as  the  length  of  the  steel  rods  would  in  that 

case  be  about  double  that  of  the  brass.     If  we  wish  to  have  only  a 

single  frame  of  each  different 

metal,  we   must   choose  two 

whose  difference  of  expansion 

is  much  more  marked;  such, 

for  instance,  as  iron  and  zinc. 

which  are  employed  in  Jur- 

gensen's  pendulunL 

In  order  tliat  the  compen- 
sation may  be  complete,  the 
centre  of  oscillatioD  (§  46) 
must  remain  at  the  same  dis- 
tance from  the  centre  of  sus- 
pension. The  screw  above 
the  bob,  shown  in  Fig.  206, 
enables  us  to  attain  this  end 
by  slightly  raising  or  depress- 
ing the  bob,  and  is  intended 
to  be  used  once  for  all  to  ad- 
just the  pendulum  to  the  pro- 
per rate. 

2.  Oraham's  Pendulum. — 
This  consists  of  an  iron  rod 
carrying  at  its  lower  end  a 
frame,  in  which  are  fixed  one 
or  two  glass  cylinders  eon- 
m!^~^^  isuio.t"''p^d.]un..      taining  mercury.     When  the 

temperature  rises  the  length- 
ening of  the  rod  lowers  the  centre  of  gravity  and  centre  of  oscil- 
lation of  the  whole;  but  the  expansion  of  the  mercury  produces  the 
contrary  effect;  and  it  will  readily  be  understood  that  the  quantity 
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of  mercury  in  the  cylinders  may  be  such  as  to  produce  an  approxi- 
mately perfect  compensation. 

3.  EUicott'd  Pendulum. — ^This  pendulum,  which  was  invented  in 
England  in  the  last  century,  is  known  in  France  as  Brocot's  pendu- 
lum, and  is  frequently  used  in  small  French  clocka  The  main  rod 
/is  of  iron.  Attached  to  a  cross  bar  at  the  upper  part  of  this  rod  are 
two  brass  rods  cc,  which,  by  means  of  the  levers  aa  and  the  pins  tt, 
attached  to  the  bob,  raise  this  latter  when  the  temperature  rises. 
The  arms  of  the  levers  may  evidently  be  so  chosen  as  to  maintain 
the  centre  of  oscillation  at  an  invariable  distance  from  the  axis  of 
siupensioD,  by  means  of  the  different  expansive  powers  of  iron  and 
brasa 

204.  Force  of  Expansion  of  Solids. — ^The  force  of  expansion  is  very 
considerable,  being  equal  to  the  force  necessary  to  compress  the  body 
to  its  original  dimensions.    Thus,  for  instance,  iron  when  heated  from 
0'  to  100**  increases  by  "0012  of  its  original  length.     In  order  to  pro- 
duce a  corresponding  change  of  length  in  a  rod  an  inch  square,  a 
force  of  about  15  tons  would  be  required.     It  would  be  useless  to 
attempt  to  offer  any  mechanical  resistance  to  a  force  so  enormous; 
the  only  thing  that  can  be  done,  in  the  case  of  structures  in  which 
metals  are  employed,  is  to  arrange  the  parts  in  such  a  manner  that 
the  expansion  shall  not  be  attended  with  any  evil  effects.     Thus,  in 
a  railway,  the  rails  do  not  touch  each  other,  a  small  interval  being 
left  to  allow  room  for  the  variations  of  length.    Iron  beams  employed 
itt  buildings  must  have  the  end  free  to  move  forward  without  encoun- 
tering any  obstacles,  which  they  would  inevitably  overthrow.    Sheets 
of  zinc  and  lead  employed  in  roofing,  are  so  arranged  as  to  be  able  in 
a  certain  extent  to  overlap  each  other  on  expansion. 

We  may  further  remark  that  the  expansion  of  metals,  though 
relatively  very  small,  may  practically  become  very  considerable,  if 
the  length  of  metal  which  expands  is  sufficiently  great.  Suppose  we 
take  as  an  instance  the  length  of  railway  from  London  to  Edinburgh, 
which  is  about  400  miles.  The  extreme  variations  of  temperature 
fh)m  winter  to  summer  are  about  50"*  C,  which  would  produce  a 
variation  of  length  amounting  to  400  x  5280  X -00061 =1288  feet 
The  actual  variation  is  very  considerable,  and  if  the  rails  formed  a 
COQ  tin  nous  line  at  a  certain  temperature,  this  line  would  be  inter- 
rupted or  broken  in  pieces  upon  a  change  of  temperature  occurring 
in  either  direction. 
205.  Conversion  of  Heat  into  Work. — In  conclusion,  we  may  remark 

18 
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that  heat  when  applied  to  a  bar  of  metal  produces  two  distinct  and 
separate  effects;  one  shown  in  the  rise  of  temperature,  and  the  other 
in  the  increase  of  volume.     We  may  reasonably  suppose  that  if  the 
solid  body  were  heated  under  such  conditions  as  to  preclude  its  expan- 
sion, the  same  quantity  of  heat  would  produce  a  much  greater  ther- 
mometric  effect  than  in  the  former  case.     A  similar  remark  applies  to 
liquids  and  gases,  and  can  be  easily  verified  by  experiment  in  the 
case  of  these  latter.     Here,  then,  is  the  first  instance  of  a  physical 
phenomenon  of  very  frequent  occurrence,  namely,  the  conversion  of 
heat  into  work,  or  reciprocally,  of  work  into  heat.     Whenever  a 
quantity  of  heat  appears  to  be  lost,  the  reason  is  that  a  corresponding 
amount  of  work  is  produced.     If,  on  the  other  hand,  work  is  done  in 
compressing  a  body,  so  as  to  reduce  it  to  the  volume  which  it  would 
occupy  at  a  lower  temperature,  a  rise  of  temperature  is  necessarily 
produced 
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206.  Relation  between  Real  and  Apparent  Expansion. — If  a  vessel 
containing  a  liquid  be  heated,  the  level  of  the  liquid  rises,  in  conse- 
quence of  the  excess  of  the  expansion  of  the  liquid  over  that  of  the 
vessel  The  observed  increase  of  volume,  not  corrected  for  the  ex- 
pansion of  the  vessel,  is  called  the  apparent  expansion.  It  is  evidently 
less  than  the  real  expansion,  for  if  the  volume  of  the  vessel  had 
remained  the  same,  the  level  would  have  risen  higher. 

The  coefficients  of  real  and  apparent  expansion  are  connected  with 
the  coefficient  of  expansion  of  the  vessel  by  a  very  simple  relation. 

Let  us  take  the  case  of  a  liquid  contained  in  a  vessel  similar  to  a 
thermometer  in  shape,  that  is,  suppose  the  tube  to  be  divided  into 
parts  of  equal  capacity,  and  that  we  know  by  previous  gauging  how 
many  divisions  are  equivalent  to  the  volume  of  the  reservoir. 

Let  n^  denote  the  number  of  divisions  occupied  by  the  liquid  at 
zero,  and  fig  the  number  of  divisions  occupied  at  temperature  f. 

Then  —   is  the  factor  of  apparent  expansion,  and  ^  —  1  is  thfe 

apparent  exj>ansioa 

Let  us,  for  simplicity,  take  for  our  unit  of  volume  the  volume  of  a 
division  at  zero.  Then  if  K  be  the  expansion  of  the  glass,  the  volume 
of  a  division  at  f  will  be  1 H-K. 

The  volume  of  the  liquid  at  f  is  Tit  of  these  divisions,  and  is  there- 
fore ti,  (1 +K). 

But  if  m  be  the  real  expansion  of  the  liquid,  the  volume  at  f  is 
(1  -l-m)  -w.^,  since  n^  is  the  volume  at  zero. 

Hence  vre  have 

and 

nt    1  +m 
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That  is,  the  factor  of  apparent  expansion  is  equal  to  the  factor  of 
real  expansion  of  the  liquid  divided  by  thai  of  the  vessel  Denote 
the  factor  of  apparent  expansion  by  1  +  a. 

Then  since  from  above 

l+m 

we  have 

l  +  w=  (1  +  A)  {1+K)=.1  +  A+K+aK; 

whence 

m=A+K+AK; 

or  since  aK  is  much  smaller  than  either  A  or  K,  and  may  in  general 
be  neglected, 

m=A+K. 

That  is,  the  real  expansion  of  the  liquid  is  equal  to  the  apparent 
expansion  plus  the  expansion  of  the  vessel;  and  consequently,  iht 
coefficient  of  real  expansion  is  eqwal  to  the  coefficient  of  apparent 
expansion  plus  the  coefficient  of  expansion  of  the  vessel. 

207.  Expansion  of  Glass. — By  means  of  this  relation  we  can  find 
the  coefficient  of  expansion  of  any  kind  of  glass;  we  have  only  to 
measure  the  coefficient  of  apparent  expansion  of  the  mercury  in  a 
thermometer  made  of  this  glass,  and  to  subtract  it  from  the  coefficient 
of  absolute  expansion  of  the  metal,  which,  as  we  shall  see  afterwards, 

is  equal  to  ^q.     The  coefficient  of  apparent  expansion  varies  a  little 

according  to  the  quality  of  the  glass  employed;  if  we  take  it  as  ^^* 

which  is  Dulong  and  Petit's  determination  of  its  mean  value^  we  sUall 
have  for  the  coefficient  of  expansion  of  glass 
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208.  Expansion  of  any  Liquid. — The  coefficient  of  expansion  of  the 
glass  of  which  a  thermometer  is  composed  being  known,  we  may  use 
the  instrument  to  measure  the  expansion  of  any  liquid.      For  this 
purpose,  the  liquid  whose  coefficient  of  expansion  is  to  be  determined 
is  introduced  into  the  thermometer,  and  the  number  of  divisions  n 
and  7i(  occupied  by  the  liquid  at  the  temperatures  0**  and  €*  respec- 
tively, are  observed.     Then,  if  D,  A,  K,  be  the  coefficients   of  real 
expansion,  of  apparent  expansion,  and  of  expansion  of  the  glass,  each 
reckoned  per  degree  Centigrade,  we  have 

^  —  1  =  Af,  whence  a  is  known ;  and 
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I+D=()  +A)  (1  +K),  or  D=A4-K  nearly,  whence  D  is  known. 
H  f^erre  has  performed  on  extensive  series  of  experimeDts  by  this 

method  upoa  a  great  number  of 

Hquida 
Tbe   apparatus    employed    by 

liim  is  shown  in  Fig.  209.     The 

thermonieter  containing  tbe  given 

liquid  is  fixed  be^de  a  mercurial 

tbennometer,    which    marks    the 

temperature.     The   reservoir  and 

a  small  part  of  the  tube  are  im 

Diersed  in  the  bath  contained  in 

the  cylinder  below.      The  upper 

pirts  of  the  stems  are  inclosed  in 

8  second  and  smaller  cylinder,  tbe 

water  in  which  is  maintained  at  a 

lenaihly  constant '  temperature  in- 
dicated by  a  very  delicate  thermo- 
meter. 

From  these  experiments  it  ap- 
P^us  that  the  expansions  of  li- 
quids are  in  genend  much  greater 
tW  those  of  solids.  Farther,  ex- 
psnsion    does    not    proceed    uni- 

fonnly,    aa    compared     with    the  Fitm-pj™-. Apt«.tu.. 

indications   of  a  mercurial   tber- 

ronneter,  but  increases  very  perceptibly  aa  the  temperature  rises. 
^  is  shown  by  the  following  table: — 


uneitlO-. 

Volum*  St  4< 

00014S 

1007*92 

ojoeei 

l'0iJ882 

016*08 

1-066863 

011651 

1019006 

01202D 

1  ■060509 

!y  applying  tbe  experimental 
water,  we  may  easily  observe 
ht  of  this  liquid  at  different 
id  that  this  volume  is  least  at 
»rdingly,  the  density  of  water 
water  at  tliis  temperature  be 
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either  heated  or  cooled  it  undergoes  an  increase  of  volume.  This  u 
a  curious  and  unique  exception  to  the  general  law  of  expansion  by 
heat 

This  anomtily  may  be  exhibited  by  meaos  of  the  apparatus  repre- 
sented in  Fig.  210,  which  consists  of  two  thermometers,  one  of 
alcohol,  and  the  other  of  water.  The  reservoir  of  this  latt«r,  on 
account  of  the  smaller  expansive  power  of  the  liquid,  is  a  long  spiral, 
enveloping  that  of  the  alcohol  thermometer. 
Both  the  reservoirs  are  contained  in  a  metal 
box,  which  is  at  first  filled  with  melting  ice. 
The  two  instruments  are  so  placed,  that  at 
zero  the  extremities  of  tlie  two  liquid  columns 
are  on  the  same  horizontal  line.  This  being 
the  case,  if  the  ice  he  now  removed,  and  the 
apparatus  left  to  itself  or  if  the  process  be 
accelerated  by  placing  a  spirit-lamp  below 
the  box,  the  alcohol  will  immediately  be  seen 
to  rise,  while  the  water  will  descend;  and  the 
two  liquids  will  thus  continue  to  move  in 
o])posite  directions  until  a  temperature  of 
about  4°  is  attained  From  this  moment  the 
water  ceases  to  descend,  and  begins  to  move 
in  the  same  direction  as  the  alcohoL  This 
experiment,  although  very  well  adapted  for 
exhibiting  the  phenomenon,  does  not  enable 
us  to  measure  exactly  the  temperature  of 
cTWua.  maximum  density,  since  it  is  the  apparent, 

and  not  the  real,  expansion  of  water  which 
is  thus  observed.  The  following  experiment,  which  is  due  to  Hope, 
is  more  rigorous. 

A  glass  jar  is  employed,  having  two  lateral  openings,  one  near  the 
top  and  the  otiier  near  the  bottom,  which  admit  two  thermometers 
placed  horizontally.  The  tube  is  filled  with  water,  and  its  middle  is 
suti'ounded  with  a  frigoritic  mixture.  The  following  phenomena  will 
then  be  observed. 

The  lower  thermometer  descends  steadily  to  4°,  and  there  remains 
stationary.  The  upper  thermometer  at  first  undei^oes  very  little 
change,  hut  when  the  lower  one  has  reached  the  fixed  temperature, 
the  npper  one  begins  to  iail,  reaches  the  temperature  of  zero,  and, 
finally,  the  water  at  the  surface  freezes,  if  the  action  of  the  frigorific 
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Fig.  SU. 
Hope*!  Experimenfc. 


mixture  continues  for  a  sufficiently  long  time.     These  facts  admit  of 
a  very  simple  explanation. 

As  the  water  in  the  middle  portion  of  the  tube  grows  colder  its 

deosity  increases,  and  it  sinks  to  the  bottom. 

This  process  goes  on  till  all  the  water  in 

the  lower  part  of  the  vessel  has  attained  the 

temperature  of  4*.     But  when  all  the  water 

from  the  centre  to  the  bottom  has  attained 

this  temperature,  any  further  cooling  of  the 

water  in  tlie  centre  fails  to  produce  motion, 

ODtil  needles  of  ice  are  formed.    These  being 

specifically  lighter  than  water,  rise  to  the  sur- 

face,  and  thus  produce  a  circulation  which 

causes  the  water  near  the  surface  to  freeze, 

while  that  near  the  bottom  remains  at  the 

temperature  of  4"*. 

This  experiment  represents  on  a  small  scale  what  actually  takes 

place  during  winter  in  pools  of  fresh  water.     The  fall  of  temperature 

at  the  surface  does  not  extend  to  the  bottom  of  the  pool,  where  the 

water,  whatever  be  the  external  temperature,  seldom  falls  below  4°. 

This  is  a  fact  of  great  interest,  as  exemplifying  the  close  connection 

of  natural  phenomena,  and  the  manner  in  which  they  contribute  to 

a  common  end.     It  is  in  virtue  of  this  anomaly  exhibited  by  water 

in  its  expansion,  taken  in  conjunction  with  the  specific  lightness  of 

ice  and  the  low  conducting  power  of  water,  that  the  temperature  at 

the  bottom  of  deep  pools  remains  moderate  even  during  the  severest 

cold,  and  that  the  lives  of  aquatic  animals  are  preserved. 

210,  Saline  Solutions. — In  the  case  of  saline  solutions  of  difierent 

densities,  the  temperature  of  maximum  density  falls  along  with  the 

freezing-point,  and  in  tsuci  falls  more  rapidly  than  this  latter,  so  that 

for  solutions  containing  a  certain  proportion  of  salt  the  temperature 

of  maximum  density  is  below  the  freezing-point.     In  order  to  show 

this  experimentally,  the  solution  must  be  placed  in  such  circumstances 

as  to  remain  liquid  at  a  temperature  below  its  freezing-point.     This 

is  a  curious  example  of  the  continuity  of  physical  laws,  and  of  the 

restriction  which  must  be  applied  in  physics  to  the  generally  correct 

and  logical  principle  of  final  causes.     For  salt  water  has  a  point  of 

maximum  density,  although  before  that  point  is  reached  congelation 

takes  place.     In  this  instance  the  maximum  density  plays  no  part  in 

the  designs  of  nature,  and  leads  to  no  practical  benefit,  being  simply 
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a  proof  of  Ihe  permanence  of  a  physical  law,  even  when  the  circum- 
stances  on  which  its  utility  depended  have  disappeai*ed. 

211.  Law  of  the  Expansion  of  Liquids. — ^As  we  have  shown  ahove 
(§  208),  the  expansion  of  liquids  does  not  advance  uniformly  with  ihe 
temperature;  whence  it  follows  that  the  mean  coefficient  of  expansion 
will  vary  according  to  the  limiting  temperatures  between  which  it  is 
taken. 

From  a  general  review  of  the  researches  which  have  been  made  on 
this  subject,  it  appears  that  for  a  great  number  of  liquids  the  mean 
coefficient  of  expansion  increases  uniformly  with  the  temperature. 
If,  therefore,  A  be  the  expansion  from  0  to  ^,  we  have 

« 

-j^a+bt,  whence  As=a<+6t*, 

a  and  b  being  two  constants  specifying  the  expansibility  of  the  given 
liquid. 

For  some  very  expansible  liquids  two  constants  are  not  sufficient, 
and  the  expansion  is  represented  by  the  formula 

We  subjoin  a  few  instances  of  this  class  taken  from  the  work  of 
M.  Pierre: — 

Alcohol A=00010486«+0-0000017610«*+000000000184518l» 

Ether A=00015182  «+ 0-0000023592  <*  +  0000000040051 1* 

Bisulphide  of  carbon.... A  =00011898  «+ 0*0000018707  <* +000000019123  f 
Bromine A=00010882  <  + 0*0000017114  <•  + 0*0000000054471 1* 

An  examination  of  the  formulae  for  the  different  liquids  which 
have  been  tested,  shows  that  none  of  them  have  a  point  of  maximum 
density ;  this  property  remains  peculiar  to  water. 

212.  Absolute  Expansion  of  Mercoiy. — The  great  importance  of 
mercury  in  physical  experiments,  especially  in  connection  with  the 
barometer  and  thermometer,  render  it  necessary  to  determine  very 
accurately  the  coefficient  of  expansion  of  this  liquid.  This  deienninar 
tion  has  been  effected  by  Dulong  and  Petit  by  a  very  ingenious 
method,  in  which  the  observation  of  the  heights  of  liquid  columns  is 
substituted  for  the  measurement  of  volumes,  which  is  always  open 
to  some  uncertainty. 

A  and  B  are  two  tubes  containing  mercury,  and  communicating 
with  each  other  by  a  very  narrow  tube  CD.  If  the  temperature  of 
the.  liquid  be  uniform,  the  mercury  should  stand  at  the  same  height 


A  « 


i        I 
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in  both  branches,  according  to  the  fundamental  law  of  liquids  in 

communicating  vessels.     But  if  the  tube  AC,  for  instance,  be  kept  at 

0°  Cent,  and  the  temperature  of  BD  be 

raised,  the  density  of  the  heated  liquid  will      r^ 

become  less,  and  a  greater  height  will  conse* 

quently  be  required  to  equilibrate  the  pres-    fi 

sure  of  the  other  column. 

Suppose  the  horizontal  tube  divided  by  a 
reriical  section,  and  let  h  and  fi  denote  the 
respective  heights  of  the  liquid  in  the  cold 
and  in  the  heated  branches  above  the  centre 
of  gravity  of  this  section.  As  the  pressures 
on  both  sides  must  be  equal,  we  must  have 
the  equation  Ad  =  h'd\  where  d  and  d'  are 

, ,      J         .. .  ^   ,  1  ,  J      .       Pig.  212.— Prindple  of  DaUmg's 

the  densities  of  the  mercury  at  zero  and  at  ii»thod. 

the  other  given  temperature. 

d 

But  from  what  has  been  said  above  (§  199),  we  have  d'=j-;j^ 
where  m  is  the  expansion  of  the  liquid  from  0^  to  f;  and  consequently^ 
ftd=  —   ,  whence 

A 

We  thus  see  that  it  is  sufficient  to  measure  exactly  the  heights  h'  and 
/i  in  order  to  find  m. 

We  should  remark,  that  the  centre  of  gravity  of  the  liquid  section 
which  vre  have  been  considering,  is  the  only  point  of  it  which  is  in 
equilibrium ;  the  upper  part  is  subject  to  a  greater  pressure  on  the 
side  of  the  heated  liquid,  and  the  lower  part  on  the  side  of  the  cold ; 
there  is  thus  a  tendency  to  the  production  of  two  opposite  currents, 
which,  hcwever,  is  almost  completely  destroyed  by  the  smallness  of 
the  bore  of  the  connecting  tube.  Even  supposing  these  currents 
actually  to  exist,  the  inverse  effects  produced  by  them  would  sensibly 
eompezisate  each  other,  compared  with  the  heights  of  the  liquid  in 
the  two  branchea 

The  following  is  the  method  by  which  Dulong  and  Petit  have 
carried  out  the  above  principle. 

The  connecting  tube,  between  the  two  branches  A  and  B  of  the 
apparatus  (Fig.  213),  rests  upon  a  T-shaped  iron  support,  carrying 
two  spirit-levels  at  right  angles  to  each  other  for  insuring  horizon- 
talitv.      One  of  the  branches  B  is  inclosed  in  a  cylinder  containing 
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melting  ice ;  the  other  A.  is  Burrounded  by  a  copper  cylinder  filled 
with  oil,  and  heated  by  a  furnace  connected  with  the  apparatua  In 
making  an  observation  the  first  step  is  to  arrange  the  apparatua  so 


Jig.  lis.— Appumtu  of  DaUmf  ud  Fitik 

that,  when  the  oil  is  heated  to  the  temperature  required,  the  mercury 
in  the  tube  A  may  just  be  seen  above  the  top  of  the  cylinder,  so  as 
to  be  sighted  with  the  telescope  of  a  cathetometer ;  this  may  bo 
efiected  by  adding  or  taking  away  a  small  quantity  of  oiL  The 
extremity  of  the  column  B  is  next  sighted,  which  gives  the  difference 
of  the  heights  h'  and  k.  It  is  further  necessary  to  determine  the 
absolute  height  h. 

For  ihis  purpose  the  height  of  a  reference  mark  i  above  the  surface 
of  the  T-shaped  support  has  been  directly  measured,  from  this 
height  half  the  external  diameter  of  the  horizontal  tube  is  to  be  sub- 
tracted, and  it  only  remains  to  observe  the  distance  of  the  end  of  the 
column  B  from  the  mark  at  the  time  of  the  experiment 

The  temperature  of  the  oil  is  given  by  the  weight-thermometer  t, 
and  by  the  air- thermometer  r,  which  latter  we  shall  explain  here- 
afler. 

By  means  of  this  method  Dulong  and  Petit  ascertained  that  tbe 
expansion  of  mercury  is  sensibly  uniform,  as  compared  'with  the 
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indications  of  an  air-thermometer,  between  0**  and  100**  G  Above 
this  point  it  goes  on  increasing  like  other  liquids,  but  not  in  any 
marked  degrea     Thus,  the  mean  coefficient  between  0°  and  lOO"*  is 

ggTjj.    Between  0°  and  200''  it  becomes  ^^,  and  ^^  between  0**  and 

300'. 

Regnault,  without  altering  the  principle  of  the  experiments  of 
Dulong  and  Petit,  introduced  several  improvements  into  their  appar- 
atus, and  added  greatly  to  the  length  of  the  tubes  A  and  B,  thereby 
rendering  the  apparatus  more  sensitive.  The  results  obtained  by 
him  do  not  differ  very  materially  from  those  of  Dulong  and  Petit; 
thus,  for  instance,  he  makes  the  coefficient  between  0^  and  lOO"*  equal 

His  experiments  show  that  the  mean  coefficient  between  0"  and 
otf*  is  ^^,  a  number  almost  identical  with  g^^. 

213.  Expansion  of  Iron  and  Platinum. — The  coefficient  of  absolute 
expansion  of  mercury  being  known,  that  of  glass  is  deduced  from  it 
in  the  manner  already 
indicated  (§  207).     Du- 
long   and    Petit    have 
deduced  from  it  also  the 

coefficients  of  expansion  rig.  214.— Expaiuioii  of  iron  and  PUUnnm. 

of  iron    and  platinum, 

neither  of  which  metals  are  attacked  by  mercury.     The  method  em- 
ployed is  the  following. 

The  metal  in  question  was  introduced,  in  the  shape  of  a  cylindrical 
bar.  into  the  reservoir  of  a  weight-thermometer.  Let  W  be  the 
weight  of  the  metal  introduced,  and  D  its  density  at  zero.  The 
process  is  the  same  as  in  using  the  weight-thermometer;  that  is,  after 
having  filled  the  reservoir  with  mercury  at  0°  C,  we  observe  the 
weight  ^u  of  the  metal  which  issues  at  a  given  temperature  t     The 

volume  at  0°  C.  of  the  mercury  which  has  issued,  is  ^,  d  being  the 
density  of  mercury  at  zero;  the  volume  at  f  is  therefore  ^  (}+mt), 

m  being  the  coefficient  of  expansion  of  mercury.  This  volume  evi- 
dently represents  the  expansion  of  the  metal,  2>Zus  that  of  the 
mercuiy,  minus  that  of  the  glasa  If  then  M  denote  the  weight  of 
mercury  that  fills  the  apparatus  at  0**  C,  and  if  K  be  the  coefficient 
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of  cubical  expansion  of  glass,  and  x  the  expansion  of  unit  volume  of 
the  given  metal,  we  have  the  equation 

whence  we  can  find  x. 

214.  Convection  of  Heat  in  Liquids. — When  different  parts  of  a 
liquid  are  heated  to  different  temperatures,  corresponding  differences 
of  density  arise,  leading  usually  to  the  formation  of  currents  which 
tend  to  produce  equality  of  temperature  as  far  as  their  presence 
extends.  To  this  phenomenon,  which  is  altogether  distinct  from  con- 
duction, the  name  of  convection  is  given. 

Thus,  for  instance,  if  we  apply  heat  to  the  bottom  of  a  vessel  con- 
taining water,  the  parts  immediately  subjected  to  the  action  of  the 
heat  expand  and  rise  to  the  surface ;  they  are  replaced  by  colder 
layers,  which  in  their  turn  are  heated  and  ascend;  and  thus  the  pro- 
cess continues  indefinitely.  The  two  currents  can  be  very  well 
shown  by  throwing  some  oak  saw-dust  into  the  water.  By  the 
movements  of  this  substance,  which  has  nearly  the  same  density  as 
water,  it  will  be  seen  that  the  ascending  current  occupies  the  centre 
of  the  vessel,  while  the  descending  current  passes  along  the  sides. 

215.  Heating  of  Buildings  by  Hot  Water. — ^This  is  a  simple  applica- 
tion of  the  principle  just  stated.     One  of  the  most  common  arrange- 
ments for  this  purpose  is  shown  in  Fig.  215;  it  is  called  the  high- 
pressure  system,  because  the  water  in  the  boiler  can  acquire  a  tem- 
perature considerably  above  100**  C.     The  boiler  C  is  heated  by  a 
fire  below  it,  and  the  products  of  combustion  escape  through  the 
chimney  A  B.     At  the  top  of  the  house  is  a  reservoir  D,  communicat- 
ing with  the  boiler  by  a  tube.     From  this  reservoir  the  liquid  flows 
into  another  reservoir  E  in  the  story  immediately  below,  thence  into 
another  reservoir  F,  and  so  on.     Finally,  the  last  of  these  reservoirs 
communicates  with  the  bottom  of  the  boiler.     The  boiler,  tubes,  and 
reservoirs  are  all  completely  filled  with  water,  with  the  exception  of 
a  small  space  left  above  in  order  to  give  room  for  the  expansion  of 
the  liquid.     An  ascending  current  flows  through  the  lefb-hand  tube, 
and  the  circulation  continues  with  remarkable  regularity,  so  long  as 
the  temperature  of  the  water  in  the  boiler  remains  constant. 

216.  Currents  in  the  Sea. — In  the  production  of  these  currents 
convection  plays  an  important,  though  perhaps  not  the  principal  part 
In  fact,  the  sea  is  an  enormous  mass  of  liquid  whose  temperature 
varies  from  point  to  point.     Equilibrium  is  consequently  impossible. 
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ud  the  difTerent  ports  must  therefore  be  in  a  state  of  continual 
motioa  with  regard  to  each  other.     The  waters  of  the  tropical  seas 
should,    by    reason    of 
their  excess  of  tempera^ 
tare,  have  a  higher  level 
thaa  those  of  the  polar 
Beaa;  and  the  result  is, 
&   continual     kind     of 
OFerflowing  of  the  wa- 
ters about  the  equator, 
and  consequently  avast 
current  setting  towards 
the  poles.     But  to  this 
current    evidently   cor- 
responds a  lower  current 
of  cold   water  flowing 
towards    the    equator, 
there  to  become  heated, 
to  overflow  again,  and 
so  on.     One  of  tlie  most 
remarkable   of   oceanic 
carrents  is  that  which 
ia  known  as  the  Gulf 
Stream.     This    current 
of  warm  water  forms  a 
kind  of  immense  river 
in  the  midst  of  the  sea, 
dmerxng    in  the    tem 

perature,  saltnesa,  and  colour  of  its  waters  from  the  medium  in  which 
it  flows.  Its  origin  is  in  the  Gulf  of  Mexico,  whence  it  issues  through 
the  straits  between  the  Bahamas  and  Florida,  turns  to  the  north- 
west, and  splits  into  two  branches,  one  of  which  goes  to  warm  the 
coaata  of  Ireland  and  Norway,  the  other  gradually  turns  southwards, 
traverses  the  Atlantic  from  north  to  south,  and  Anally  loses  itself  in 
the  regions  of  the  equator. 

"The  Gulf  Stream  is  a  river  in  the  ocean;  in  the  severest  droughts 
it  never  fails,  and  in  the  mightiest  floods  it  never  overflows;  its 
banks  and  its  bottom  are  of  cold  water,  while  its  current  is  of  warm; 
it  takes  ita  rise  in  the  Gulf  of  Mexico,  and  empties  into  Arctic  seas. 
There  is  on  earth  no  other  such  majestic  flow  of  waters.     Its  current 
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is  more  rapid  than  the  Mississippi  or  the  Amazon,  and  its  volume 
more  than  a  thousand  times  greater.  Its  waters,  as  far  out  from  the 
Gulf  as  the  Carolina  coasts,  are  of  indigo  blue.  They  are  so  distinctly 
marked  that  their  line  of  junction  with  the  common  sea- water  may 
be  traced  by  the  eya  Often  one-half  of  the  vessel  may  be  perceived 
floating  in  Gulf  Stream  water,  while  the  other  half  is  in  common 
water  of  the  sea,  so  sharp  is  the  line." — (Maury,  Physical  Geography 
of  the  Sea.) 

Another  cause  of  oceanic  currents  is  to  be  found  in  the  winds, 
which  again  are  themselves  examples  of  convective  currents  in  the 
atmosphere.  In  the  case  of  the  Gulf  Stream,  it  would  appear  that 
an  accumulation  of  water  is  produced  in  the  Gulf  of  Mexico  by  the 
trade-wind  which  blows  steadily  towards  it  over  the  South  Atlantia 
The  elevation  of  level  occasioned  by  this  accumulation  is  probably  to 
be  regarded  as  the  principal  cause  of  the  Gulf  Stream.  We  shall 
discuss  the  origin  of  winds  in  a  later  chapter  (Chap,  xxxiv.) 


CHAPTER   XXin. 


EZPANSION  OF  QASEa. 


217.  Experiments  of  Qay-LiiBsao. — Gay-Lussac  conducted  a  series  of 
researches  on  the  expaosioii  of  gases,  tbo  results  of  which  were  long 
Tegarded  as  classicaL  He  employed  a  thermometer  with  a  large 
reservoir  A,  containing  the  gas  to  be  operated  on ;  an  index  of  mer- 
cury mTh  separated  the  gas  from  the  external  air,  while  leaving  it 
lull  liberty  to  expand.     The  gas  had  previously  been  dried  by  pass- 


Fig,  lis.— a^-LoHS'iAppuUiu. 

ing  it  thiough  a  tube  containing  chloride  of  calcium,  or  some  other 
desiccatiDg  substanca  The  thermometer  was  fixed  in  a  vessel  which 
was  first  filled  with  melting  ice,  and  when  the  gaa  had  thus  been 
brought  to  0°  C,  the  tube  was  so  adjusted  that  the  index  coincided 
with  the  opeoing  through  which  the  thermometer  passed. 

The  tu1>e  being  divided  into  parts  of  equal  capacity,  and  the  re- 
servoir having  been  previously  gauged,  the  volume  V  is  known  which 
is  oGcapied  by  the  gas  at  an  external  pressure  H  indicated  by  a  baro- 
meter ;    the  apparatus  is  then  raised  to  a  given  temperature  T  by 
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meaQB  of  the  furnace  below  the  vessel,  and  the  stem  of  the  then 
meter  is  moved  until  the  index  reaches  the  edge  of  the  opening; 
this  new  temperature  the  gas  occupies  a  volume  V  expressed 
divisions  of  the  tube :  at  the  same  time  the  pressure  may  have  vari 
suppose  it  to  have  become  H'.  From  these  data  it  is  easy  to  ded 
the  expansion  of  unit  volume  of  the  gas  from  0°  to  T  at  const 
pressure.  If  D  denote  this  expansion,  the  volume  of  the  gas  at  1 
the  original  pressure  would  be  V  (I+D).  But  the  gas  occupii 
volume  V  at  the  temperature  T  and  pressure  H'.  At  the  press 
H  the  volume  would  therefore  be  V  ^-  But  the  divisions  of 
thermometer  have  expanded  in  tlie  ratio  1+K.T,  K  being  the 
efficient  of  expansion  of  glass:  the  true  expression  therefore  for 

new  volume  of  the  gaa  at  the  pressure  H  ia    — jj ;  whence 

have  the  equation 

V(i  +  D)  =  V'(i+KT)h' 
from  which  we  can  find  the  value  of  D,  and  consequently  that  ol 
mean  coefficient  of  expansion  ^.     By  means  of  this  method  < 
Lussac  aiTived  at  the  following  results: — 

1st. — All  gases  expand  by  the  same  amount  between  the  t 
limits  of  temperature, 

2d. — The  coefficient  of  expansion  is  independent  of  the  pres 
He  also  found  that  the  coefficient  of  expansion  of  air  between  0' 
100°  was  -00375. 

These  laws,  which,  together  with  Boyle's  law,  were  long  rega 
as  defining  the  fundamental  properties  of  the  gaseous  state,  an 
rigorously  exact,  but  are  subject  to  restrictions  similar  to  1 
which  apply  to  Boyle's  law.  The  absolute  value  of  the  co-effi 
of  expansion  of  air  as  kid  down  by  Gay-Lussac  is  very  sen 
erroneoua  The  true  value  has  been  determined,  by  subsequen 
periments  conducted  with  greater  precision,  to  be  •003665,  or  g. 

218.  Be^anlt'B  Experimesta. — The  apparatus  employed  by 
Lussac  had  one  serious  imperfection.  The  mercurial  index  di< 
constitute  a  sufficient  barrier  between  the  gas  under  investigatioi 
the  external  air ;  so  tliat  a  portion  of  the  gas  was  able  to  escape, ' 
at  the  same  time  some  of  the  external  air  became  mixed  with  thi 
either  of  which  circumstances  would  impair  the  accuracy  of  tb 
periment.     It  also  appears  that  the  means  employed  by  Gay-L 
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for  denccstiag  the  gas  were  inaufficieub.  However  this  may  be,  the 
subject  of  the  ezpandoD  of  gases  has  been  taken  up  by  several  phy- 
ddsts,  as  Pouillet,  Budbei^,  Magnus,  and  Regnault,  who  have  per- 
fonned  a  number  of  experiments  on  this  subject,  of  undoubted  «c- 
ciuitcy,  the  result  of  which  has  been  slightly  to  modify  the  conclusions 
anived  at  by  Gay-Lussae 

We  shall  confine  ourselves  to  describing  one  of  the  methods  em- 
ployed by  Regnault 

The  apparatus  conasts  of  a  glass  ball  with  a  narrow  neck,  contain- 
isg  the  gas.     This  is  placed  in  a  boiler  (Fig.  217),  containing  water. 


IT.— Raiwalt'i  Appontiu. 


which  can  afterwards  be  raised  to  ebullition.  A  T-shaped  tube, 
with  three  brttnches,  establishes  communication  between  the  neck  of 
the  globe  and  a  system,  consisting  of  two  tubes,  containing  mer- 
cury, and  forming  in  £act  a  mercurial  manometer,  and  also  between 
the  globe  and   a  series  of  desiccating  tubes,  not  shown  in  the  figure,. 
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which  are  themselves  in  communicatioQ  with  a  small  air-pump, 
the  first  branch  of  the  manometer,  near  the  capillary  portion  ol 
tube,  ia  a  reference  mark. 

The  following  is  the  mode  of  determining  by  means  of  this 
paratus  the  coefficient  of  expansion  between  0°  and  100°  C. 
first  step  is  to  exhaust  the  globe  a  certain  number  of  times,  each 
refilling  it  with  air,  or  with  the  gas  under  investigation,  whicli 
been  dried  by  passing  it  through  the  desiccating  tubes.  The  di 
may  be  rendered  more  complete  and  rapid  by  raising  the  tempen 
of  the  globe.  This  series  of  operations  is,  as  Regnault  baa  8h< 
absolutely  necessary  in  order  to  remove  from  the  surface  of  the 
the  last  traces  of  moisture,  which  are  exceedingly  tenacious. 

The  gas  having  been  admitted  for  the  last  time,  the  globe  ia 
rounded  with  melting  ice,  and  is  left  to  itself.  The  gas  contracts 
a  Iresh  portion  enters  the  globe,  having  first  been  perfectly  diie 
passing  through  the  desiccating  tubes.  The  apparatus  is  thus  : 
with  gas,  and  communication  is  established  for  a  few  seconds  wttl 
external  air,  so  that  the  gas  is  at  atmospheric  pressure.  Mercu 
then  poured  into  the  manometer  so  as  to  bring  the  level  of  the  : 
which  is  the  same  in  both  branches,  up  to  the  reference  mark, 
branch  of  the  T  which  established  communication  between  the  j 
and  the  desiccating  tubes  is  then  hermetically  sealed  by  dire^ 
the  ilame  of  a  blowpipe  upon  it 

The  effect  of  this  operation  has  thus  been  to  isolate  a  qiia.nti 
gas  at  the  atmospheric  pressure  H.     This  quantity  consists  of— 

(1.)  A  volume  V  at  the  temperature  of  0°  C,  V  being  the  k; 
volume  of  the  globe. 

(2.)  A  volume  v,  which  is  very  small,  extending  from  the  ne 
the  globe  to  the  mark  on  the  manometric  tuba  This  volume  v 
the  surrounding  temperature  t;  if  brought  to  zero,  it  would  bf 
J— J,  a  being  the  coefficient  of  expansion  of  the  gas.  In  the 
part  of  the  experiment,  therefore,  we  have  a  quantity  of  gas  *« 
when  reduced  to  the  temperature  of  zero  and  pressure  H,  would 
the  volume 

The  ice  surrounding  the  globe  is  now  removed,  the  boiler  is 
with  water,  which  is  heated  to  ebullition;  the  volume  and  pn 
of  the  gas  increase,  the  mercury  consequently  falls  in  the  first  b 
of  the  manometer,  and  rises  in  the  other.     When  equilibrium  ol 
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peratore  has  been  esfcablisbed,  mercury  is  poured  into  the  open 

branch,  so  as  to  raise  that  in  the  other  branch  to  the  mark.     There 

is  then  found  to  be  a  difference  of  level  h :  the  external  pressure  may 

have  changed  at  the  same  time,  and  become  H';  the  gas  is  conse^ 

guently  subjected  to  a  pressure  W  +h.     Its  volume  consists  of  two 

parts: — 

(1.)  The  volume  V  (1+KT)  of  the  globe,  K  denoting  the  coefficient 

of  expansion  of  the  glass,  and  T  the  temperature  of  the  boiling  water 

Ski  the  moment  of  the  experiment;  this  volume  when  reduced  to  zero 

becomes 

Vd+KT) 

l  +  aT    • 

(2.)  The  volume  v  of  the  tube  as  far  as  the  mark,  which  volume  at 

zero  becomes  fx^>  where  t  is  the  surrounding  temperature.     Thus, 

in  the  second  part  of  the  experiment,  the  given  quantity  of  gas  under 
the  pressure  H'+/t,  would,  at  the  temperature  of  zero,  occupy  the 
volume 

V(1+KT)  ^      V 


1  +  oT       "   l  +  cu' 

We  have  thus,  by  expressing  that  the  volumes  are  inversely  as 
the  pressures, 

whence 

1  +  «T VOH:  KT) 


(^■^IT^)h' 


H_     


To  solve  this  equation  we  have  recourse  to  a  method  frequently 
employed  in  physics,  which  is  called  the  method  of  svucceaaive  ap- 
proximatioTis ;  v  being  a  very  small  quantity,  is  at  first  supposed  to 
be  zero ;   on  this  supposition  the  value  of  a  is  easily  obtained.     This 

value  is  then  substituted  in  the  correcting  terms  y^^'  rTo^'  whence 
the  real  value  of  aT  is  deduced.  Now  T  is  the  temperature  at  which 
the  water  boils,  and  is  always  known,  as  we  shall  see  hereafter,  if 
the  external  pressure  is  known. 

In  the  experiment  just  described,  the  volume  of  the  gas  remains 
sensibly  the  same,  and  the  effect  of  heat  is  shown  by  an  increase  of 
pressure.  We  might  have  proceeded  differently;  and  caused  the  gas 
to  expand  under  a  constant  pressura 

We  shall  not  stop  to  describe  the  modified  form  of  the  apparatus 
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which  ia  adapted  to  this  other  mode  of  expemneDt ;  we  shall  < 
remark  that  the  results  obtained  by  the  two  processes  do  not  exa 
agree,  as  will  be  seen  from  the  following  table: — 


A!r 

Mitrogen 

Hydrogen 

P  BlPANSrOK  PIB  DeGIUK   CBHTI0R4DK. 

000386S           0003670 

0'008663 

0003867          0003001 

0-003888 

0-003710 

Cyuiogen 

0'003829 

00088*6 

0-003877 
0003903 

This  table  shows  that  each  gas  has  its  own  coefficient  of  expao 
as  we  have  already  seen  that  each  has  its  own  coefficient  of 
pressibility.  Non-liquefiable  gases,  however,  have  nearly  the 
coefficient  of  espansioD,  a  result  which  accounts  for  the  concli 
arrived  at  by  Gay-Lussac 

As  regards  the  difierences  between  the  two  seta  of  numbers,  it 
be  noted  that  the  second  set  alone  represent  expansion  as  dir 
observed.  The  first  set  directly  measure  the  increase  of  pre 
which  occurs  when  expansion  is  prevented.  If  Boyle's  law  were  i 
ously  true,  the  two  sets  of  results  ought  to  be  identical  In  po! 
fact,  it  will  be  remarked  that,  except  in  the  case  of  hydrogei 
numbers  in  the  second  column  are  larger  than  those  in  the 
indicating  that  the  product  of  volume  and  pressure  dimit 
slightly  as  the  pressure  increases. 

We  may  add  that  the  coefficient  of  expansion  increases  very 
biy  with  the  pressure;  thus,  between  the  pressures  of  one  a 
three  atmospheres  the  coefficient  of  expansion  of  air  varies 
«^)0367  to  0  00369.  This  increase  is  still  more  marked  in  the  c 
liquefiable  gases. 

The  coefficient  of  expansion  per  degree  Fahrenheit  is  -J  < 
coefficient  per  degree  Centigrade.  For  air  or  any  non-liquefiab 
this  may  be  taken  as  002036  or  -j^. 

219.  Air-thermometer. — We  have  already  stated,  in  conn 
with  the  mercurial  thermometer,  that  the  name  degree  (Centjj 
is  ^ven  to  the  hundredth  part  of  the  apparent  expansion  < 
mercury  in  the  glasa  As  the  different  kinds  of  gla^  emploj 
the  constructioD  of  these  instruments  have  not  the  same  1 
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expansion,  it  follows,  as  we  have  remarked,  that  tnerenrial  thermo- 
meters are  not  rigorously  comparable  with  each  other,  particularly 
above  lOO**. 

The  expansion  of  air  being  much  more  considerable  than  that  of 
mercury,  the  variations  caused  by  differences  in  the  glass  will  be 
relatively  less;  for  this  reason  (as  well  as  for  others  which  will  be 
stated  hereafter)  the  air-thermometer  is  employed  to  measure  tem- 
perature in  experiments  of  precision. 

Any  apparatus  that  will  measure  the  expansion  of  air  may  serve 
as  an  air-thermometer;  we  have  only  to  consider  T  as  the  unknown 
quantity  in  the  expression  1-l-aT,  writing  for  a  the  value  of  the 
coefficient  of  expansion  given  in  last  section. 

M.  Poaillet  proposed  to  employ  air  in  pyrometric  investigations, 
and  constructed  an  instrument  to  which  he  gave  the  name  of  air- 
pyrometer,  and  with  which  he  performed  some  interesting  experi- 
ments.   PouiUet's  pyrometer  was  veiy  similar  to  Regnault  s  apparatus 
described  above  (§  218);  but  the  reservoir  and  part  of  the  tube  were 
of  platinum,  so  as  to  be  able  to  resist  high  temperaturea     The  indica- 
tions of  this  instrument,  however,  could  not  be  entirely  relied  on, 
since  platinum  has  the  property  of  condensing  air  upon  its  surface, 
and  partially  giving  it  out  at  high  temperaturea     At  such  tempera- 
tures, also,  platinum  becomes  quite  permeable  to  some  of  the  gases 
of  the  furnace.     For  pyrometric  purposes  it  is  better  to  inclose  the 
air  in  a  porcelain  vessel,  as  has  been  done  by  Deville  and  Troost^ 

219a.  Absolute  Temperature.  Absolute  Zero. — If  the  air-thermo- 
meter be  made  the  standard  of  temperature,  equal  differences  of  tem- 
perature virill  correspond  to  equal  differences  in  the  volume  occupied 
by  a  given  mass  of  air  at  constant  pressure,  the  difference  amounting 
to  j^  of  the  volume  at  0°  C.  for  each  degree  Centigrade,  or  to  ^^r 
of  the  volume  at  32'*  F.  for  each  degree  Fahrenheit. 

'  The  following  accoant  of  a  pyrometer  constructed  by  Regnault,  on  the  principle  of  the 

ftir-thermometer,  is  given  in  Dr.  B.  Stewart*8  treatise  on  heat.     **  There  is  a  kind  of  flask, 

either  cylindrical  or  spherical,  which  may  be  either  of  cast  or  wrought  iron,  of  platinum  or 

(d  poroelain :   the  mouth  is  closed  by  a  plate  containing  a  small  aperture.     From  15  to  20 

gianmies  of  mercury  are  added  to  this  flask,  which  is  then  placed  in  that  part  of  the  furnace 

the  femperatnxe  of  which  we  desire  to  know.     The  mercury  soon  boils,  its  vapour  expels 

the  air  by  the  orifice,  and  the  excess  of  mercurial  vapour  goes  off  by  the  same  means. 

WheD  the  appiuratas  has  acquired  the  temperature  of  the  furnace  the  flask  is  withdrawn 

snd  made  to  oool  rapidly,  and  the  mercury  which  remains  in  the  flask  is  weighed.     It  may 

be  weighed  directly,  or  if  it  oontMns  impurity,  it  is  dissolved  in  add,  and  estimated  as  a 

precipitate.      This  weight  b  that  of  the  vapour  of  mercury  which  filled  the  flask  at  the 

tempetatoTe  of  the  furnace,  and  the  volume  of  the  flask,  as  well  as  the  density  of  mercurial 

rapovr  being  Icnown,  this  temperature  may  thus  be  determined.'* 
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The  lowest  temperatare  that  could  thus  be  expressed  is  evident 
273°  C.  or  — ioS"  F.,  since  at  this  temperature  the  given  mass  of  i 
ould  be  reduced  to  a  mathematical  point.  This  is  often  called  t 
isolute  zero  of  temperature,  and  temperatures  reckoned  from  it  t 
lied  absolute  teviperatures. 

If  C  and  F  denote  temperatures  Cent  and  Fahr.  respective 
'3  +  Cand  4'59+Fwillbe  the  corresponding  expressions  for  absoli 
mperature. 

The  statement  of  the  relations  between  the  volume,  pressure  a 
mperature  of  a  given  mass  of  air  or  other  gas  can  be  eomewl 
mplified  by  the  employment  of  this  term.  Tliese  relatioua  (assu 
g  the  correctness  of  Boyle's  and  Gay-Lussac's  laws)  are  aa  follows 

1.  The  volume  varies  directly  as  the  absolute  temperature,  wl 
le  pressure  ia  constant 

%  The  pressure  varies  directly  as  the  absolute  temperature,  ivl 
le  volume  is  constant 

3.  For  all  variations,  the  expression  -^-  remains  constant  in  val 

denoting  volume,  F  pressure,  and  T  absolute  temperature. 

The  subject  of  this  section  will  be  further  discussed  in  CI 

330.  Deneity  of  Qases. — The  volume  of  gases,  owing  to  their  g 
:pansibility  and  compressibility,  is  subject  to  enormous  variati' 
ence,  in  stating  the  absolute  density  of  a  gas,  it  is  very  imporl 

specify  the  temperature  and  pressure  at  which  we  suppose  it  U 
ken.  ' 

tn  stating  the  specific  gravity  or  relative  density  of  a  gas  as  c 
ired  with  dry  atmospheric  air,  which  is  always  adopted  as  the  s 
ird  substance,  it  ia  to  be  understood  that  the  gas  is  at  the  s 
mperature  and  pressure  as  the  air  with  which  it  is  compared; : 
consequence  of  the  inexactness  of  the  laws  of  Boyle  and  ( 
ussac,  it  is  further  necessary,  for  purposes  of  accuracy,  to  8p< 
le  temperature  and  pressure  at  which  the  comparison  is  m 
hese  are  usually  the  temperature  0°  C,  and  the  pressure  of  760  n 
etres.  The  specific  gravity  or  relative  density  of  a  gas  is  then 
sfined  as  the  ratio  of  the  weight  of  any  volwme  of  the  gaa  a\ 
mperature  0"  C,  and  the  pressure  of  760  millimetres,  to  the  vh 
'  the  same  volume  of  d/ry  air  at  the  flom«  temperature  and  presi 

This  ratio  being  known,  we  can  deduce  from  it  the  weight  of 
)lume  of  the  gas  in  question,  by  employing  as  a  factor  the  vtt 
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of  unit  volume  of  air  (§  100).  Thus,  for  instaDce,  the  ratio  of  the 
density  of  oxygen  to  that  of  air  being  1-1056,  and  the  weight  of  a 
litre  of  air  at  0'  C.  and  760  millimetres  being  1-203  gramme,  we 
conclade  that  the  weight  of  a  litre  of  oxygen  at  this  temperature  and 
pressure  is  J '293  X 11 056= 1-429  gramma 

231.  Measarement  of  the  Density  of  a  Ctas. — The  denaitiea  of  gases 
b&re  been  the  subject  of  numerous  investigations;  we  shall  here 
mention  only  the  ingenious  and  exact  method  employed  by  Regoaultt 
Tiie  gas  is  inclosed  in  a  globe,  of  about  12  litres'  capacity,  and  fur- 
nished with  a  stop-cock.  This  communicates  with  a  three-way  tube, 
furnished  with  stop-cocks  a  and  b  (Fig.  218),  and  through  it  with  an 
air-pump  on  one  side,  and  a  manometer  on  the  other.  The  globe  is 
exhausted  several  times,  and  each  time  the  gas  is  dried  on  its  way  to 
the  globe  by  passing  through  a  number  of  tubes  containing  pieces  of 
pumice-stone  moistened  with  sulphuric  acid.  When  all  moisture  is 
supposed  to  be  removed,  the  globe  is  surrounded  with  melting  ice. 


imt  ot  DMKit;  vt  Ghh. 


t-  tlD.—CoDiFHiMUiii  Qlobg. 


and  is  allowed  to  fill  with  gas  at  the  pressure  of  the  atmosphere. 
When  equilibrium  of  temperature  has  been  established,  the  globe  is 
taken  out,  carefully  dried,  and  suspended  from  one  of  the  scales  of  a 
balance.  From  the  other  scale  is  suspended  a  globe  of  the  same 
glaas,  and  of  the  same  external  volume  (Fig.  219).  The  equality  of 
the  volumes  is  tested  by  weighing  each  in  water,  and  noting  the 
upward  pressure  of  the  liquid  in  each  case.  Weights  are  now  added 
imiil  equilibrium  is  established;  and  it  can  be  proved  that  this  equili- 
biiam  will    te  rigorously  maintained,  whatever  be  the  variations  of 
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^sternal  pressure  and  temperature,  because  these  variatioDs  1 
iroduce  the  same  effect  upon  both  globes.  It  is  this  introductioi 
>  compensating  globe  which  ^ves  Beguault's  method  its  greftt  j 
ision ;'  for  eince  all  external  causes  that  could  disturb  equilibri 
le  balanced,  the  observed  differences  in  weight  can  result  oulyfi 
'ariations  in  the  gas  inside. 

The  globe  is  then  again  surrounded  with  ice,  communication  i 
be  air-pump  and  the  manometer  is  established,  and  a  partial  vacu 
i  produced  as  far  a^  &  certain  limit  k.  On  the  globe  being  a| 
uspended  from  the  scale,  the  equilibrium  of  the  balance  is  disturl 
lid  the  weight  w,  necessary  to  re-establish  it,  is  evidently  equa 
he  weight  of  a  volume  of  dry  gas  at  0°,  and  at  the  pressure  H 
I  being  the  external  pressure.  Hence  it  follows  that  the  weigh 
liy  gas  which  would  completely  fill  the  globe  at  the  temperatui 
1°,  and  at  the  pressure  of  760  millimetres,  is 


?ho  same  experiment,  when  performed  with  air,  would  give  as 
reight  of  the  same  volume  of  this  gas  under  the  same  conditiouE 


The  relative  density  of  the  given  gas  is  therefore 

7G0  ^   .    760   __v!    H'-y 
H-A"      H'-A'    tfl-H-A" 

228.  Weipbt  of  a  Litre  of  Air. — The  preceding  experiments 
he  weight  of  dry  air  which  fills  a  given  globe  at  0°,  and  at  a  prea 
f  760  millimetrea  In  order  to  know  the  weight  of  a  litre  of 
ve  have  only  to  observe  the  weight  of  water  which  fills  the  s 
;lobe  at  a  given  temperature.  Let  m  be  the  difterence  of  weigl 
he  globe  when  filled  with  water  and  with  dry  air;  then  the  wt 
if  the  water  contained  in  the  globe  is  evidently  to  plvs  the  wt 
if  the  dry  air,  which  is  previously  known,  and  which  we  shall  de 
ly  a.  Let  x  be  the  volume  of  the  globe,  and  e  the  expansion  ol 
vater  from  i'  C.  to  the  temperature  of  weighing.  Then,  if  the  grai 
,nd  cubic  centimetre  be  the  uflite  of  weight  and  volume,  we  havi 
quation 


'  The  Mune  device  had  prerioudy  heen  employed  by  Dr.  Prant  ii 
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irhich  gives  the  volume  of  the  globe  at  a  known  temperature,  whence 
the  volume  at  zero  may  be  deduced. 

Various  minute  precautions  are  necessary  in  order  to  fill  the  globe 
with  water  completely  free  from  air,  and  in  order  to  insure  that  the 
temperature  shall  be  the  same  throughout  the  whole  of  the  consider- 
able volume  employed  in  the  experiment.     The  first  condition  is 
especially  difficult  to  fulfil;  in  order  to  attain  it,  Begnault  first 
expelled  the  air  from  the  globe  by  introducing  a  small  quantity  of 
water,  and  then  exhausting  the  globe,  the  process  being  aided  by  a 
slight  elevation  of  temperature;  on  the  other  hand,  water,  from  which 
the  air  had  been  expelled  by  boiling,  was  forced  by  the  pressure  of 
steam  into  a  tube  leading  to  the  stop-cock  of  the  exhausted  globe, 
so  as  to  be  nowhere  exposed  to  the  atmosphere.     The  difficulties  of 
this  process  were  skilfully  overcome  by  Regnault,  and  he  finally 
arrived  at  the  following  result 

In  Paris,  at  a  height  of  60  metres  above  the  level  of  the  sea,  a  litre 

of  dry  air,  at  the  temperature  of  0**  C,  and  a  pressure  of  760  milli- 

me^s,  weighs  1-2932  gramme.     A  pressure  of  760  millimetres  of 

mercury  has  not  the  same  effective  value  at  different  parts  of  the 

globe,  on  account  of  the  variations  in  the  intensity  of  gravity,  whence 

it  follows  that  the  weight  of  the  litre  of  air,  defined  by  the  preceding 

conditions,  varies  proportionally  to  the  value  o{g.    (See  note  to  §  100.) 

The  following  table  gives  the  densities  of  several  gases  at  0*"  C,  and 

under  the  pressure  of  760  millimetres  at  Paris : — 

Air 1  1-2932 

Oxygen 110563  1*4298 

Hydrogen -06920  -08957 

I^itrogen. -97137  1-25615 

CUorine 24216  8*1328 

Carbonic  oxide -9569  1-2844 

Carbonic  add 1-52901  19774 

Protoxide  of  nitrogen 15269  19697 

Binoxide  of  nitrogen 1-0388  1-3484 

Sulphurous  add 21930  2*7289 

Cyanogen 18064  2-3802 

Idanh-gas -659  -727 

defiant  gas ^985  1*274 

Ammonia -6967  -7697 

223.  Ilranght  of  Chimneys. — The  expansion  of  air  by  heat  pro- 
luces  the  upward  current  in  chimneys,  and  an  approximate  expres- 
ion  for  the  Telocity  of  this  current  may  be  obtained  by  the  appHca- 
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tion  of  Torricelli's  theorem  on  the  efflux  of  fluids  from  orifices  (Cb 
xviii.). 

Suppose  the  chimney  to  be  cylindrical  and  of  height  h.  Let 
air  witliin  it  be  at  the  uniform  temperature  t'  Centigrade,  and 
external  air  at  the  uniform  temperature  t  According  to  Torrice! 
theorem,  the  square  of  the  linear  velocity  of  efHux  is  equal  to 
product  of  2g  into  the  head  of  fluid,  the  term  head  of  fiuid  be 
employed  to  denote  the  pressure  produciDg  efflux,  expj-esaed  in  tei 
of  depth  of  the  fiuid. 

In  the  present  case  this  head  is  the  difference  between  h,  whic 
the  height  of  air  within  the  chimney,  and  the  height  which  a  cok 
of  the  external  air  of  original  height  h  would  have  if  ezpau 
upwards,  by  raising  its  temperature  from  ( to  ('.  This  latter  hei 
is  h  j^j;^  ;  o  denoting  the  coefficient  of  expansion  00366;  and 
head  is 

1  +  a<  l  +  at 

Hence,  denoting  by  v  the  velocity  of  the  current  up  the  chimney, 
have 

l  +  oC 

This  investigation,  though  it  gives  a  result  in  excess  of  the  tr 
from  neglecting  to  take  account  of  friction  and  eddies,  is  sufGcien 
explain  the  principal  circumstances  on  which  the  strength  of  drai 
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dependa  It  shows  that  the  draught  increases  with  the  height 
the  chimney,  and  also  with  the  di^ereuce  t  —  t  between  the  inb 
and  external  temperatures. 
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He  drought  ia  not  so  good  when  a  fire  is  first  lighted  as  after  it 
has  been  bunuDg  for  some  time,  becanse  a  cold  chimney  chills  the 
air  within  iL  On  the  other  hand,  if  the  fire  is  so  regulated  as  to 
k««p  the  room  at  the  same  temperature  in  all  weathers,  the  draught 
will  be  strongest  when  the  weather  is  coldest 

The  opening  at  the  lower  end  of  the  chimney  should  not  be  too 
wide  nor  too  high  above  the  fire,  as  the  air  from  the  room  would  then 
enter  it  in  large  quantity,  without  being  first  warmed  by  passing 
through  the  fire.     These  defects  prevailed  to  a  great  extent  in  old 
chimneya     Bumford  was  the  first  to  attempt  rational  improvementa 
He  reduced  the  opening  of  the  chimney  and  the  depth  of  the  fire- 
pbce,   and    added   polished 
plates  inclined  at  an  angle, 
which  serve  both  to  guide 
the  air  to  the  fire  and  to  re- 
flect heat  into  the  room  (Fig. 
220). 

The  blower  (Fig.  221)  pro- 
duces its  well-known  effects 
by  compelling  all  air  to  pass 
tiiroagh  the  fire  before  enter- 
ing the  chimney.     This  at 

once  improves  the  drought  of  Fig.  isi.-Fi»-piK»  with  Biom. 

the  chimney  by  raising  the 

temperature  of  the  air  within  it,  and  quickens  combustion  by  in- 
creasing the  supply  of  oxygen  to  the  fueL 

224.  Stores. — The  heating  of  rooms  by  open  fire-places  is  effected 
almost  entirely  by  radiation,  and  much  even  of  the  radiant  heat  is 
wasted.  This  mode  of  heating  then,  though  agreeable  and  healthful, 
is  far  from  economical.  Stoves  have  a  great  advantage  in  point  of 
economy,  for  the  heat  absorbed  by  their  sides  is  in  great  measure 
given  out  to  the  room,  whereas  in  an  ordinary  fire-place  the  greater 
part  of  this  heat  is  lost  Open  fire-places  have,  however,  the  advan- 
tage as  regards  ventilation;  the  large  opening  at  the  foot  of  the 
:himney,  to  which  the  air  of  the  room  has  free  access,  causes  a  lai^ 
3ody  of  ail*  &om  the  room  to  ascend  the  chimney,  its  place  being 
upplied  by  fresh  air  entering  through  the  chinks  of  the  doors  and 
rindowB,  or  any  other  openings  which  may  exist 

Stoves  are  also  liable  to  the  objection  of  making  the  ur  of  the  room 
x>  dry,  not,  of  course,  by  removing  water,  but  by  raising  the  tern- 


300  EXPANSION  OF  OASES. 

perature  of  the  air  too  much  ahove  the  dew-point  (Chap,  xxviil).  ' 
same  thiog  occurs  with  open  fire-places  in  froaty  weather,  at  vi 
time  the  dew-point  is  unusually  low.  This  evil  can  be  remedied 
placing  a  vessel  of  water  on  the  stove.  The  reason  why  it  is  n 
liable  to  occur  with  stoves  than  with  open  fire-places,  is  mainl;  t 
the  former  raise  the  air  in  the  room  to  a  higher  temperature  t 
the  latter,  the  defect  of  air-temperature  being  in  the  latter  case  c 
pensated  by  the  intensity  of  the  direct  radiation  from  the  glon 
fuel 

Fire-clay,  fromjts  low  conducting  power,  is  very  serviceable  1 
for  the  backs  of  fire-places  and  for  the  lining  of  stoves.  In  the  for 
situation  it  prevents  the  wast 
escape  of  heat  backwards  into 
chimney,  and  keeps  the  back  of 
fire  nearly  as  hot  as  the  centre, 
a  lining  to  stoves,  it  impedes 
lateral  escape  of  heat,  thus  ans 
ing  the  double  puipose  of  prev 
ing  the  aides  of  the  stove  &om  a 
heating,  and  at  the  same  tim 
keeping  up  the  temperature  of 
fire,  and  thereby  promoting  < 
plete  combustion.  Its  use  n 
however,  be  confined  to  tha,t 
tion  of  the  stove  which  serve 
the  fire-box,  as  it  would  other 
prevent  the  heat  from  being  g 
out  to  the  apartment. 

The  stove  represented  in  Fig. 

belongs   to  the  class  of  what 

called  in  France  calorifh-es,  an 

England   ventilating  stoves,   I 

f   ss— V  s  constructed  with  a  view  to  pro 

ing  the  circulation  and  renew 

the  air  of  the  apartment.     G  is  the  fire-box,  over  which  is  the  ft 

U,  containing  unbumed  fuel,  and  tightly  closed  at  top  by  a  lid,  w 

is  removed  only  when  fresh  fuel  is  to  be  introduced.     The  asb 

F  has  a  door  pierced  with  holes  for  admitting  air  to  support 

'  Witli  the  exception  nf  tho  ventilating  atTKngement,  thii  stove  ii  identic*]  with  « 
known  in  this  country  u  Wklker'i  self-feeding  stove. 
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bustion.  The  flame  and  smoke  issue  at  the  edge  of  the  fire-box,  and 
after  circulating  round  the  chamber  O  which  surrounds  the  feeder, 
enter  the  pipe  T  which  leads  to  the  chimney.  The  chamber  O  is 
sarronnded  by  another  indosure  L,  through  which  fresh  air  passes, 
entering  below  at  A,  and  escaping  into  the  room  through  peiforations 
in  the  upper  part  of  the  stove  as  indicated  by  the  arrowa  The 
amount  of  firesh  air  thus  admitted  can  be  regulated  by  the  throttle- 
valve  P. 


CHAPTER    XXIV. 


FUSION    AND    SOLIDIFICATION. 


226.  Fusion. — Many  solid  bodies,  %hen  raised  to  a  sufficiently  high 
temperature,  become  liquid.  This  change  of  state  is  called  melting 
or  fusioUy  and  the  temperature  at  which  it  occurs  (called  the  melting- 
point,  or  temperature  of  fusion)  is  constant  for  each  substance,  with 
the  exception  of  the  variations — ^which  in  ordinary  circumstances  are 
insignificant — due  to  differences  of  pressure  (§  237).  The  melting- 
points  of  several  substances  are  given  in  the  following  table : — 

Table  of  Melting- Points,  in  Degrees  Centigrade. 


Mercury, -39 

Ice, 0 

Butter, 33 

Lard, 33 

Spermaceti, 49 

Stearine, 5S 

YeUowWax, 62 

White  Wax, 68 

Stearic  Acid, 70 

Phosphorus, 44 

Potassium, 63 

Sodium, ....  95 

Iodine, 107 

Sulphur, 110 


Tin, 230 

Bismuth, 562 

Lead 820 

Zinc, 860 

Antimony, 432 

Bronze 900 

Pure  Silver, 1000 

Copper, 1150 

Coined  Gold, 1180 

Pure  Gold, 1250 

Cast  Iron,  1050  to  1250 

Steel, 1300  to  140O 

Wrought  Iron,       ....    1500  to  1600 
Platinum, 2000 


Some  bodies,  such  as  charcoal,  have  hitherto  resisted  all  attempts 
to  reduce  them  to  the  liquid  state ;  but  this  is  to  be  attributed  only 
to  the  insufficiency  of  the  means  which  we  are  able  to  employ. 

It  is  probable  that,  by  proper  variations  of  temperature  and  pres- 
sure, all  simple  substances,  and  all  compound  substances  which  would 
not  be  decomposed,  could  be  compelled  to  assume  the  three  forms, 
solid,  liquid,  and  gaseous. 

The  passage  from  the  solid  to  the  liquid  state  is  generally  abrupt; 


LATENT  HEA.T  OP  FUSION.  303 

but  Uiis  is  not  Blwaya  the  case.  Glass,  for  instance,  before  reaching 
a  st&te  of  perfect  liquefiu:tion,  passes  through  a  series  of  intermediate 
stages  in  which  it  is  of  a  viscous  con^tency,  and  can  be  easily  drawn 
out  into  exceedingly  fine  threads,  or  moulded  into  diiferent  sbapea 

326.  Constant  Temperatore  dazing  Foaion. — During  the  entire  time 
of  fusion  the  temperature  remains  constant     Thus  if  a  vessel  con- 
taining ice  be  placed  on  the  fire,  the  ice  will  melt  more  quickly  as 
the  fire  is  hotter;  but  if  the  mixture  of  ice  and  water  be  constantly 
stirred,  a  thermometer  placed  in  it  will  indicate  the  temperature 
zero  without  variation  so  long  as  any  ice  re- 
fflsios  nnmelted;   it  is  only  after  all  the  ice 
has  become  liquid  that  a  rise  of  temperature 
will  be  obserred 

In  the  same  way,  if  sulphur  be  heated  in  a 
glass  vessel,  the  temperature  indicated  by  a 
thermometer  placed  in  the  vessel  will  rise  gi-ad- 
oaJly  until  it  reaches  about  110°,  when  a  por- 
tion of  the  sulphur  will  be  seen  to  become 
liqaid,  and  if  the  vessel  be  shaken  during  the 
time  of  fusion,  until  the  whole  of  the  sulphur 
is  liquefied,  the  temperature  will  he  observed 
to  remain  steadily  at  this  poinc 

227.  Latent  Heat  of  Paaion.  — This  con-    f„,  t2o.-F»ion  ,<  suipt™. 
stancy   of   temperature   is  very   remarkable, 

and  leads  to  some  important  concliisions.  In  fact,  as  the  action 
of  the  fire  continues  the  same  throughout  the  entire  time  of  fusion, 
wliile  the  thermometer  remains  fdationary,  all  the  heat  supplied 
after  liquefaction  has  begun,  appears  to  be  lost.  Hence  we  con- 
clude, that  in  order  that  a  body  may  pass  from  the  solid  to  the 
liquid  state,  it  must  absorb  a  certain  quantity  of  heat  which  produces 
DO  tbermometric  effect  Black,  who  was  the  first  to  investigate  this 
subject,  gave  to  the  heat  thus  absorbed  the  name  of  laisTii  heat,  by 
vhicb  it  is  still  usually  designated.  A  similar  absorption  of  heat 
without  thermometric  effect  occurs  when  a  boiling  liquid  is  converted 
into  vapour.  Hence  it  is  necessary  to  distinguish  between  the  latent 
ke(U  of  fiLsion  and  the  lateiii  heat  of  vaponzation.^  Latent  heat 
then  may  be  defined  as  the  beat  absorbed  in  virtue  of  change  of 

'  The  former  ia  often  called  iJie  latent  heat  of  tbe  liquiJ,  uul  the  Utter  of  the  nipour. 
"&<!»  we  ipeak  of  the  latent  hert  of  water  (which  becamo  latent  in  the  melting  of  ioe}, 
Ud  of  the  I&t«at  heat  of  itaam  {which  becomes  latent  in  the  Tapaiiiatioii  of  water). 
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state  from  solid  to  liquid,  or  from  liquid  to  gaseoua  Modem  philo- 
sophy teaches  that  the  processes  of  fusion  and  vaporization  involve 
the  performance  of  work  by  heat  in  opposition  to  molecular  force,  and 
that  an  amount  of  heat  disappears  (or  becomes  latent)  which  is  the 
exact  equivalent  of  the  work  performed. 

228.  Heat  of  Fusion  of  Ice. — ^The  latent  heat  of  fusion  is  different 
for  different  substances.  Its  amount  for  ice  (commonly  called  the 
latent  heat  of  water)  can  be  approximately  determined  by  the  follow- 
ing experiment,  which  is  due  to  Black,  who  was  the  first  to  make 
accurate  observations  on  this  subject. 

Take  a  pound  of  ice  at  0**  C.  and  a  pound  of  water  at  79**  C. ;  let 
the  water  be  poured  over  the  ice,  and  the  mixture  rapidly  stirred 
The  ice  will  melt,  and  two  pounds  of  water  at  0**  will  be  obtained 
This  interesting  experiment  shows  that  all  the  heat  necessary  to  raise 
a  pound  of  water  from  0*  to  79**  has  been  absorbed  in  melting  a  pound 
of  ice;  and  it  is  thus  directly  proved  that  the  heat  required  to  melt  a 
pound  of  ice  is  exactly  the  same  as  that  required  to  raise  the  tem- 
perature of  a  pound  of  water  from  O"*  to  79^ 

The  name  unit  of  heat  is  given  to  the  amount  of  heat  necessary 
to  raise  unit  mass  of  water  one  degree  It  will  be  different  according 
to  the  unit  of  mass  and  scale  of  temperature  adopted.  The  pound- 
centigrade  unit  is  the  heat  required  to  raise  a  pound  of  water  through 
one  degree  Centigrade,  and  we  see  from  above  that  79  of  these  units 
are  required  for  the  melting  of  a  pound  of  ice.^ 

On  comparing  the  heat  of  fusion  of  ice  with  that  of  some  other 
bodies  as  given  in  the  table  §  348,  it  will  be  seen  that  its  amount  is 
notably  greater  for  ice  than  for  any  of  the  other  substances.  Ice  is 
in  this  sense  the  most  difficult  to  melt,  and  water  the  most  diflicult 
to  freeze  of  all  substances,  a  fact  which  is  of  immense  importance  in 
the  economy  of  nature,  as  tending  to  retard  the  processes  both  of 
freezing  and  thawing.  Even  as  it  is,  the  effects  of  a  sudden  thaw  are 
often  very  disastrous,  and  yet,  for  every  pound  of  ice  melted,  as  much 
heat  is  required  as  would  raise  the  water  produced  through  79**  G. 
or  142°  F. 

229.  Solution.-^The  reduction  of  a  body  from  the  solid  to  the  liquid 
state  may  be  effected  by  other  means  than  by  the  direct  action  of 
heat;  it  may  be  produced  by  the  action  of  a  liquid.  This  is  wliat 
occurs  when,  for  instance,  a  grain  of  salt  or  of  sugar  is  placed  in 

*■  The  statements  in  ihiB  paragraph,  including  the  definition  of  a  unit  of  heal^  an  only 
approximate.    The  subject  wiU  be  resumed  in  Chap.  xxzi. 
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wtter;  the  body  is  sud  to  meli  or  dissolve  in  the  water.  Solution, 
like  fusion,  is  accompanied  by  the  disappearance  of  heat  consequent 
00  the  change  from  the  solid  to  the  liquid  state.  For  example,  when 
nitrate  of  ammonia  is  rapidly  dissolved  in  water,  a  fall  of  from  20° 
to  25'  Cent,  ia  observed. 

Unlike  fusion,  it  is  attached  to  no  deBnite  temperature,  but  occurs 
with  more  or  less  freedom  over  a  wide  range.  Rise  of  temperature 
usually  favours  it;  but  there  are  some  strongly  marked  exceptions. 

230.  ?Teeiing  HixtnreB. — The  absorption  of  heat  which  accom- 
panies the  liquefaction  of  solids  is  the  ba^is  of  the  action  of  freezing 
mixtures.  In  all  such  mixtures  there  is  at  least  one  solid  ingredient 
which,  by  the  action  of  the  rest,  is  reduced  to  the  liquid  state,  thus 
occasioning  a  fall  of  temperature  proportional  to  the  latent  heat  of 
its  liquefaction. 

The  mixture  most  commonly  employed  in  the  laboratory  is  one  of 
snow  and  salt,  in  the  proportion  of  two  parts  of  the  former  to  one  of 
the  latter.  This  mixture  assumes  a  temperature  of  about— 1S°C.(0''F.), 
and  ^mished  Fahrenheit  with  the  zero  of  his  scale.  In  this  instance 
tliere  is  a  double  absorption  of  heat  caused  by  the  simultaneous  melt- 
ing of  the  snow  and  dissolving  of  the  salt 

We  may  obtain  a  freezing  mixture  without  the  use  of  snow  or  ice. 
Such  mixture.1  are  often  employed  for  the  artificial  freezing  of  water. 
Various  kinds  of  apparatus  have  been  invented  for  this  purpose,  one 
of  which  is  shown  in  Fig.  224.     It  consista  of  a  metal  cylinder,  con- 


atning  the  freezing  mixture  (hydrochloric  acid  and  sulphate  of  soda). 
n  the  cylinder  is  placed  a  mould  formed  of  two  concentric  vessels 
'ith  the  water  between  them,  an  arrangement  which  has  the  advan- 
ige  of  increaaing  the  surface  of  contact  The  whole  is  set  upon  a 
adie,  the  rocking  of  which  greatly  ossiste  the  operation.     We  sub- 
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join  a  table  of  the  most  important  freezing  mixtures,  with  the  pro* 
portions  corresponding  to  the  maximum  effect.  These  proportions 
are  evidently  of  importance^  since  the  amount  of  heat  absorbed  in  a 
given  time  depends  upon  the  quantity  of  solid  matter  that  is  reduced 
to  the  liquid  state  during  that  time.  There  may  also  be  chemical 
action  between  the  materials  of  which  the  mixture  is  composed.  This 
is  always  attended  with  generation  of  heat,  so  that  in  this  case  the 
actual  result  depends  upon  the  difference  of  two  opposite  effects. 
Thus  the  mixture  of  four  pai*ts  of  sulphuric  acid  with  one  of  ice 
causes  a  rise  of  temperature  of  about  50*"  or  60^  while  four  parts  of 
ice  and  one  of  sulphuric  acid  produce  a  cold  of  from  — 15®  to  —20°  C. 


TABLE. 


Proportions        Fallof  Temporaton 
by  Weight.       iu  Centigrado  d^greea. 


Snow  or  Powdered  Ice, 2}      from  0«  to -21% 

Bay-salt, 1  ) 

S"°^' ^l     from  0»  to  -  48'. 

Crystallized  Chloride  of  Calcium,   ...      i) 

Nitrate  of  Ammonia, 1|     from +10' to -15*. 

Water, 1) 

Sal-ammoniac, 5  \ 

Nitrate  of  PotMh,        b(     ft«„  +  ,o.  fa,  _16'. 

So^hato  of  Soda, 81 

Water, 16' 

Solphato  of  Sod^ 8  1      fro^+io-to-ir. 

Hydrochlonc  Acid, 6 } 

281.  Solidiflcation  or  Congelation. — Congelation  is  the  inverse  of 
fusion;  that  is  to  say,  it  is  the  passage  of  a  substance  from  the  liquid 
to  the  solid  state.  The  faculty  of  undergoing  this  transformation 
may  be  regarded  as  common  to  all  liquids,  although  some,  for  example, 
alcohol  and  bisulphide  of  carbon,  have  never  yet  been  solidified. 

The  temperature  of  fusion  is  the  highest  temperature  at  which 
congelation  can  occur,  and  is  frequently  called  the  temperature  of 
congelation  (or  the  freezing-paint) ;  but  it  is  possible  to  preserve 
substances  in  the  liquid  state  at  lower  temperatures.  Liquids  thus 
cooled  below  their  so-called  freezing-points  have,  however,  if  we  may 
so  say,  a  tendency  to  freeze,  which  id  only  kept  in  check  by  the  difji' 
culty  of  making  a  commencement  If  freezing  once  begins,  or  if 
ever  so  small  a  piece  of  the  same  substance  in  the  frozen  state  be 
allowed  to  come  in  contact  with  the  liquid,  congelation  will  quickly 
extend  until  there  is  none  of  the  liquid  left  at  a  temperature  below 
that  of  fusion.     The  condition  of  a  liquid  cooled,  below  its  freezing- 
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point  has  been  aptly  compared  to  that  of  a  row  of  bricks  set  on  end 
in  such  a  manner  that  if  the  first  be  overturned,  it  will  cause  all  the 
rest  to  fiEdl,  each  one  overturning  its  successor. 

The  contact  of  its  own  solid  infiadlibly  produces  congelation  in  a 
liqaid  in  this  condition,  and  the  same  effect  may  often  be  produced 
by  the  contact  of  some  other  solid,  especially  of  a  crystal,  or  by  giving 
a  slight  jar  to  the  containing  vessel. 

Despretz  has  cooled  water  to  —20**  C.  in  fine  capillary  tubes,  with- 
out freezing,  and  Dufour  has  obtained  a  similar  result  by  suspending 
globules  of  water  in  a  liquid  of  the  same  specific  gravity  with  which 
it  would  not  mix. 

23S.  Heat  set  free  in  Congelation. — At  the  moment  when  congela- 
tion takes  place,  the  thermometer  immediately  rises  to  the  tempera- 
tare  of  the  melting-point  This  may  be  easily  shown  by  experiment 
A  small  glass  vessel  is  taken,  containing  water,  in  which  a  mercurial 
thermometer  is  plunged.  By  means  of  a  frigorific  mixture  the  tem- 
perature is  easily  lowered  to  — 10**  or  — 12^  without  the  water  freez' 
lag;  a  slight  shock  is  then  given  to  the  glass,  congelation  takes  place, 
and  the  mercury  rises  to  0**. 

The  heat  thus  produced  is  tha  equivalent  of  the  work  done  by  the 
molecular  forces  of  the  body  in  the  passage  from  the  liquid  to  the 
soh'd  state.     The  quantity  of  heat  thus  arising  is  evidently  the  same 
as  that  which  disappears  in  fusion,  since  they  are  the  equivalents  of 
the  same  amount  of  work  performed  in  opposite  directiona     The 
production  of  this  heat  may  be  experimentally  shown  in  another  way. 
If  we  heat  a  quantity  of  lead  to  its  melting-point  (320''),  and  when 
the  metal  is  just  beginning  to  melt,  plunge  it  into  water,  a  certain 
rise  of  temperature  will  be  observed.     If  we  repeat  the  same  experi- 
ment, allo'wing  the  lead  time  to  melt  completely,  the  temperature 
being  still  320^  a  much  more  considerable  increase  in  the  temperature 
)f  the   water  will  be  produced,  the  reason  being  that  the  lead  in 
olidifying  in  contact  with  the  water  gives  out  its  latent  heat.  ; 

233.  Orystallization. — When  the  passage  from  the  liquid  to  the 
olid  state  is  a  gradual  one,  it  frequently  happens  that  the  molecules 
roup  themselves  in  such  a  manner  as  to  present  regular  geometric 
)rm3.  This  process  is  called  crystallization,  and  the  regular  bodies 
iU3  formed  are  called  crystals.  The  particular  crystalline  form 
ssumed  depends  upon  the  substance,  and  often  afibrds  a  means  of 
^cognizing  it  The  forms,  therefore,  in  which  bodies  crystallize 
ie  amon^   tbeir  most  important  characteristics,  and  are  to  some 
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extent  analogous  to  the  shapes  of  animals  and  plants  in  the  organic 
world. 

In  order  to  make  a  body  crystallize  in  solidifying,  the  following 
method  is  employed.  Suppose  the  given  body  to  he  bismuth ;  the 
first  step  is  to  melt  it,  and  then  leave  it  to  itself  for  a  time.  The 
metal  naturally  begins  to  solidify  first  at  the  suiface  and  at  the  sides, 
where  it  is  most  dii-ectly  exposed  to  cooling  influences  from  wiUioul; 
acnordinrrlv.  irhfin  the  outer  lavm'  of  the  meta,!  ia  nnlidtliml.  the  in- 
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tbe  im^  of  -what  is  found  in  the  interior  of  the  hlock.     The  succes- 
sive appearances  observed  upon  the  screen  are  shown  in  Fig.  226. 
A  small  luminous  circle  is  first  seen,  from  which  branch  out  rays, 
resembling  the  petab  of  a  flower  whose  pistil  is  the  circle.     Frequent 
cbiDgea  also  occur 
in  the   shape   of 
ejie  branches  th  em- 
selves,  which  axe 
oti«n    cut    so    OS 
to  resemble  fern- 
leaves,  like  those 
eeen  upon  the  win- 
dows during  frost. 
Id  this  experiment 
the  solar  heat,  in- 
stead of  uniformly 
melting  the  mass 
of  ice,    which    it 
would  certainly  do 
if  tbe  tnasa  were 
amorphous,      acts 
successively   upon 
the  different  crys- 
tals of  which  it  is 
built  up,  affecting 
them    in    the    re- 
verse orderof  their 
formation.      There 
are  thus  produced 
ft  number  of  spaces 
of  regular    sliape, 
oontaining    water, 
ind         producing 
wmparatively  Fig.  im.— fiow«™  ot  i™. 

lark  images  upon 

he  screen.       In  the  centre  of  each  there  is  generally  a  bright  spot, 
rhich  corresponds  to  an  empty  space,  depending  on  the  fact  that 
lie  water  occupies  a  smaller  volume  than  the  ice  from  which  it  has 
ten  produced. 
2S5.  Snpersataration. — The  proportion  of  solid  matter  which  a  liquid 
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can  hold  in  solution  varies  according  to  the  temperature ;  as  a  gener&l 
rule,  though  not  bj  any  means  in  all  cases,  it  increases  as  the  tem- 
perature rises.  Hence  it  follows,  that  if  a  saturated  solution  be  left 
to  itself,  the  effect  of  evaporation  or  cooling  will  be  gradually  to  dim- 
inish the  quantity  of  matter  which  can  be  held  in  solution.  A  portion 
of  the  dissolved  substance  will  accordingly  p&sn  into  the  solid  state, 
assuming  generally  a  crystalline  form.  This  is  an  exceedingly  com- 
mon method  of  obtaining  crystals,  and  is  known  as  the  humid  vxty. 
In  connection  with  this  process  a  phenomenon  occurs  which  is 
precisely  analogous  to  the  cooling  of  a  liquid  below  its  freezing-poiiit. 
It  may  be  exemplified  by  the  following  experiment. 

A  tube  drawn  out  at  one  end  (Fig.  227)  is  filled  with  a  warm  con- 
centrated solution  of  sulphate  of  soda.     The  solution  is  boiled,  and 
r",  while    ebullition    is 

proceeding  freely,  the 
tube  is  hermetically 
sealed ;  by  this  means 
the  tube  is  exhausted 
of  sir.  The  solution 
when  left  to  itself 
cools  without  the  sol- 
id being  precipitated, 
although  tlie  liquid  is 
supersaturated.  Bui 
if  the  eud  of  the  tube 
be  broken  off,  and  the 
air  allowed  to  enter, 
crystallization  imme- 
diately commences  at 
the  surface,  and  is 
quickly  propagated 
,■,,.«._,„„.,„, „.p.™..,.„s.,.^„  tbrough     the     whole 

length  of  the  tube; 
at  the  same  time,  as  we  should  expect,  a  considerable  rise  of  tem- 
perature is  observed.  If  the  phenomenon  does  not  at  once  occur 
on  the  admission  of  the  air,  it  can  be  produced  with  certainty  bv 
throwing  a  small  piece  of  the  solid  sulphate  into  the  solution. 

236.  Change  of  Volume  at  the  Homent  of  Congelation.  ExpansiTe 
Force  of  Ice. — In  passing  from  the  liquid  to  the  solid  state,  bodies 
generally  undergo  a  diminution  of  volume;   there  are,   however, 
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exceptions,  such  aa  ice,  bismuth,  silver,  and  cast-iron.  It  b  this  pro- 
perty which  renders  this  latter  substance  ho  well  adapted  for  the 
purposes  of  moulding,  as  it  enables  the  metal  to  penetrate  completely 
into  every  part  of  the  mould.  The  expansion  of  ice  is  considerable, 
amounting  to  about  -fy;  its  production  is  attended  by  enormous 
medianiciil  force,  just  aa  in  the  analogous  case  of  expansion  by  heat. 
Its  effect  in  bursting  watei-pipea  is  well  known.  The  following 
experiment  illustrates  this  expansive  force,  A  tube  of  forged  iron 
(Fig.  228)  is  filled  with  water,  and  tightly  closed  by  a  screw-stopper. 


Fl|.  ttS.— Bnntlnc  ol 

The  tube  is  then  surrounded  with  a  freezing  mixture  of  snow  and 
salt  After  some  time  the  water  congeals,  a  loud  report  is  often 
beard,  and  the  tube  is  found  to  be  rent. 

The  following  experiment,  performed  by  Major  Williams  at  Quebec, 
is  still  more  striking.     He  filled  a  1 2-inch  shell  with  water  and  closed 


Rg.  n».— Ei|wrinisnt  ol  Major  VUllanw. 

it  with  a  -wooden  stopper,  driven  in  with  a  mallet  The  shell  was 
then  exposed  to  the  air,  the  temperature  being  —28°  C.  (—18°  F.) 
The  water  froze,  and  the  bung  was  projected  to  a  distance  of  more 
tiian  100  ya.rds,  while  a  cylinder  of  ice  of  about  8  inches  in  length 
wtts  protruded  from  the  hole.  In  another  experiment  the  shell  split 
in  halves,  and  a  sheet  of  ice  issued  from  the  rent  (Fig.  229). 
It  is  the  expansion  and  consequent  lightness  of  ice  whicli  enables 
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it  to  float  upon  the  aurfiice  of  water,  and  thua  afford  a  protection  to 
animal  life  below. 

337.  Effect  of  PresBore  on  the  Helting-l>oiiit. — Professor  James 
Thomson  was  led  by  theoretical  considerations  to  the  conclusion  tbat, 
in  the  case  of  a  substance  which,  like  water,  expands  in  solidifying, 
the  freezing  (or  melting)  point  must  of  necessity  be  lowered  by  pres- 
sure, and  that  a  mixture  of  ice  and  ice-cold  water  would  &11  in 
temperature  on  the  application  of  pressure  His  reasoning^  con^sted 
in  showing  that  it  would  otherwise  be  possible  (theoretically  at  least) 
to  construct  a  machine  which  should  be  a  perpetual  source  of  work 
without  supply;  that  is,  what  is  commonly  called  a  perpetual  motion. 
The  matter  was  shortly  afterwards  put  to  the  teat  of  experiineDC 
by  Professor  (now  Sir)  W.  Thomson,  wlio  compressed,  in  an  CErsted's 
piezometer,  a  mixture  of  ice  and  water,  in  which  was  inserted  a  very 
delicate  thermometer  protected  from  pressure  in  the  same  manner 
asthe  instrument  represented  in  Fig.  194-c  (§189).  The  thermometer 
showed  a  regular  fall  of  temperature  as  pressure  was  applied,  followed 
by  a  retuiTi  to  0°  C  on  removing  the  pressure.  Pressures  of  81  and 
168  atmospheres  (in  excess  of  atmospheric  pressure)  lowered  the 
freezing-point  by  106  and  '232  of  a  degree  Fahr.  resi>ectively  as  in- 
dicated by  the  thermometer,  results  which  agree  almost  exactly  with 
Prof.  J.  Thomson's  prediction  of  0075  of  a  degree  Cent,  or  -0135  of 
a  degree  Fahr.  per  atmosphere. 

Mousson  has  since  succeeded  in  reducing  the  melting-point  seveial 
degrees  by  means  of  enormous  pressure.     He  employed  two  forms  of 
apparatus,  by  the  first  of  wliich  he  melted  ice  at  the  temperature 
of  —5°  C,  and  kept  the  water  thus  produced  for  a 
considerable  time  at  this  temperature.    This  apparatus 
had  windows  (consisting  of  blocks  of  glass)  in  its  aides, 
through  whicli  the  melting  of  the  ice  was  seen.     His 
second  form  of  apparatus,  which  bore  a  general  resem- 
blance to  the  first,  is  represented  in  the  annexed  figure. 
It  consisted  of  a  steel  prism  with  a  cylindrical  boie, 
pj   jjp^  having  one   of  its   extremities   closed   by   a   cnoical 

stopper  strongly  screwed  in,  the  rest  of  the  bore  being 
traversed  by  a  screw-piston  of  steel     The  apparatu:^ 
was  inverted,  and  nearly  filled  with  water  recently  boiled,  into  whidi 
a  piece  of  copper  was  dropped,  to  serve  as  an  index.     The  apparatus, 
■  Tnmtaetuita  Royal  Society,  Edinburgh.     Jamitij,  1819. — Ctmbridge  and  IhtUiii 
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still  remaining  in  the  inverted  position,  was  surrounded  by  a  freezing 
mixture,  by  means  of  which  the  water  was  reduced  to  ice  at  the  tem- 
perature of  —18''  C.  The  stopper  was  then  screwed  into  its  place, 
and  the  apparatus  placed  in  the  erect  position.  The  piston  was  then 
screwed  down  upon  the  ice  with  great  force,  the  pressure  exerted 
being  estimated  in  some  of  the  experiments  at  several  thousand 
atmospheres.  The  pressure  was  then  relaxed,  and,  on  removing  the 
stopper,  the  copper  index  was  found  to  have  fallen  to  the  bottom  of 
the  bore,  showing  that  the  ice  had  been  liquefied. 

Experiments  conducted  by  Bunsen  and  Hopkins  have  shown  that 
wax,  spermaceti,  sulphur,  stearin,  and  paraffin — substances  which, 
unlike  ice,  expand  in  melting — have  their  melting  points  raised  by 
pi-essure,  a  result  which  had  been  predicted  by  Professor  W. 
Thomson. 

237  A«  EflTect  of  Stress  in  general  upon  Melting  and  SolntioB.— 
In  the  experiments  above  described,  the  pressure  applied  was  hydro* 
statical,  and  was  therefore  equal  in  all  directions.  But  a  solid  may  be 
exposed  to  pressure  in  one  direction  only,  or  to  pull  in  one  or  more 
directions,  or  it  may  be  subjected  to  shearing,  twisting,  or  bending 
forceSy  all  these  being  included  under  the  general  name  of  atresa. 

Reasoning,  based  on  the  general  laws  of  energy,  leads  to  the  con- 
?Zasion  that  stress  of  any  kind  other  than  hydrostatic,  applied  to  a 
solid,  must  lower  its  melting-point  To  quote  Professor  J.  Thomson 
'Prt^c.  Itoy.Soc.  Dec  1861),  "Any  stresses  whatever,  tending  to  change 
he  form  of  a  piece  of  ice  in  ice-cold  water,  must  impart  to  the  ice  a 
^ndency  to  melt  away,  and  to  give  out  its  cold,  which  will  tend  to 
enerarte,  from  the  surrounding  water,  an  equivalent  quantity  of  ice 
ee  from  the  applied  stresses,^  and  "stresses  tending  to  change  the 
nn  €>£  any  crystals  in  the  saturated  solutions  from  which  they  have 
en  crystallized  must  give  them  a  tendency  to  dissolve  awa}%  and  to 
nei^ate,  in  substitution  for  themselves,  other  crystals  free  from  the 
plied  stresses  or  any  equivalent  stresses."^  This  conclusion  he  ver- 
*<i  by  experiments  on  crystals  of  common  salt.  He  at  the  same 
le  suggested,  as  an  important  subject  for  investigation,  the  effect 

F^rofessor  ThoinBon  draws  these  inferences  from  the  following  principle,  which  he 
mes  ('vre  think  justly)  as  a  physical  axiom  :-^If  any  substance  or  system  of  substances 
3  jt  con<]ition  in  which  it  is  free  to  change  its  state  [as  ice,  for  example,  in  contact 
w&ter  flkfe  0*  C,  is  free  to  melt],  and  if  mechanical  work  be  applied  to  it  as  potential 
y^  fj2  scxoh  a  way  that  the  occurrence  of  the  change  of  state  will  make  it  lose  that 
j^n^^*^  ^rork  from  the  condition  of  potential  energy,  without  receiving  other  potential 
^v  AS  Axx  equivalent;  then  the  iuhetance  or  tyetem  toill  pau  into  the  changed  $tate» 
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of  hydrostatic  pressure  on  the  crystallization  of  solutions,  a  subject 
which  was  afterwards  taken  up  experimentally  by  Sorby,  who 
obtained  effects  analogous  to  those  above  indicated  as  occurring  in 
connection  with  the  melting  of  ice  and  wax. 

238.  Regelation  of  Ice. — Faraday  in  I80O  called  attention  to  the 
fact  that  pieces  of  moist  ice  placed  in  contact  with  one  another  will 
freeze  together  even  in  a  warm  atmosphere.     This  phenomenon,  to 
which  Tyndall  has  given  the  name  of  regelaiion,  admits  of  ready  ex- 
planation by  the  principles  just  enunciated.     Capillary  action  at  the 
boundaries  of  the  film  of  water  which  connects  the  pieces  placed  in  con- 
tact, produces  an  effect  equivalent  to  attraction  between  them,  just  as 
two  plates  of  clean  glass  with  a  film  of  water  between  them  seem  to 
adhere.     Ice  being  wetted  by  water,  the  boundary  of  the  connecting 
film  is  concave,  and  this  concavity  implies  a  diminution  of  pressure 
in  the  interior.     The  film,  therefore,  exerts  upon  the  ice  a  pressure 
less  than  atmospheric ;  and  as  the  remote  sides  of  the  blocks  are  ex- 
posed to  atmospheric  pressure,  there  is  a  resultant  force  urging  them 
together  and  producing  stress  at  the  small  surface  of  contacts    Melt- 
ing of  the  ice  therefore  occurs  at  the  places  of  contact,  and  the  cold 
thus  evolved  freezes  the  adjacent  portions  of  the  water  film,  which, 
being  at  less  than  atmospheric  pressure,  will  begin  to  freeze  at  a 
temperature  a  little  above  the  ordinary  freezing-point 

As  regards  the  amount  of  the  force  urging  the  pieces  together,  if  two 
flat  pieces  of  ice  be  supported  with  their  faces  vertical,  and  if  they 
be  united  by  a  film  from  whose  lower  edge  water  trickles  away, 
the  hydrostatic  pressure  at  any  point  within  this  film  is  less  than 
atmospheric  by  an  amount  represented,  in  weight  of  water,  by  the 
height  of  this  point  above  the  part  from  which  water  trickles. 
If,  for  simplicity,  we  suppose  tlie  film  circular,  the  plates  will  be 
pressed  together  with  a  force  equal  to  the  weight  of  a  cylinder  of 
water  whose  base  is  the  film  and  whose  height  is  the  radius. 

239.  Apparent  Plasticity  of  Ice.  Motion  of  Olaciers. — ^A  glacier 
may  be  described  in  general  terms  as  a  mass  of  ice  deriving  its 
origin  from  mountain  snows,  and  extending  from  the  snow-fields 
along  channels  in  the  mountain  sides  to  the  valleys  beneath. 

The  first  accurate  observations  on  the  movements  of  glaciers  were 
made  in  184j2,  by  the  late  Professor  (afterwards  Principal)  J.  D. 
Forbes,  who  established  the  fact  that  glaciers  descend  along  their 
beds  with  a  motion  resembling  that  of  a  pailful  of  mortar  poured 
into  a  sloping  trough ;  the  surface  moving  faster  than  the  bottom 


MOTION  OF  OUlCI£BS.  315 

and  the  centre  faster  than  the  sides.  He  snmmed  up  his  view  by 
saying,  "A  glacier  is  an  imperfect  fluid,  or  a  viscous  body  which  is 
iu^  down  slopes  of  a  certain  inclination  by  the  mutual  pressure  of 
its  parts." 

This  apparent  viscosity  is  explained  by  the  principles  of  §  237a. 
According  to  these  principles  the  ice  should  melt  away  at  the  places 
where  stress  is   most  severe,  an  equivalent  quantity  of  ice  being 
formed  elsewhere.     The  ice  would  thus  gradually  yield  to  the  ap- 
plied forces,  and  might  be  moulded  into  new  forms,  without  undergoing 
rupture.     Breaches  of  continuity  might  be  produced  in  places  where 
the  stress  consisted  mainly  of  a  pull,  for  the  pull  would  lower  the 
freezing-point,  and  thus  indirectly  as  well  as  directly  tend  to  produce 
ruptures,  in  the  form  of  fissures  transverse  to  the  direction  of  roost 
intense  pulL   The  effect  of  violent  compression  in  any  direction  would, 
on  the  other  hand,  be,  not  to  crack  the  ice,  but  to  melt  a  portion  of 
its  interior  sufficient  to  relieve  the  pressure  in  the  particular  part 
afiected,  and  to  transfer  the  excess  of  material  to  neighbouring  parts, 
which  must  in  their  turn  give  way  in  the  same  gradual  manner. 

In  connection  with  this  explanation  it  is  to  be  observed  that  the 
temperature  of  a  glacier  is  always  about  C'C,  and  that  its  structure 
is  eminently  porous  and  permeated  with  ice-cold  water.  These  are 
conditions  eminently  favourable  (the  former,  but  not  the  latter,  being 
essential)  to  the  production  of  changes  of  form  depending  on  the 
lowering  of  the  melting-point  by  stressea 

This  explanation  is  due  to  Professor  J.  Thomson^  {British  Asaocia-- 
t'ton  Report y  1857).     Professor  Tyndall  had  previously  attempted  to 
account  for  the  phenomena  of  glacier  motion  by  supposing  that  the 
ice  is  fractured  by  the  forces  to  which  it  is  subjected,  and  that  the 
broken  pieces,  after  being  pushed  into  their  new  positions,  are  united 
by  regelation.     In  support  of  this  view  he  performed  several  very 
interesting  and  novel  experiments  on  the  moulding  of  ice  by  pres- 
sure, such  as  striking  medals  of  ice  with  a  die,  and  producing  a  clear 
transparent  cake  of  ice  by  powerfully  compressing  broken  pieces  in 
a  boxwood  mould  (Fig.  231). 

Interesting  experiments  on  the  plasticity  of  ice  may  be  performed 
by  filling  an  iron  shell  with  water  and  placing  it  in  a  freezing  mix- 

'  If  it  should  be  objected  that  the  lowering  of  the  melting-point  by  stress  is  too  insignifi- 
cant to  prodaoe  the  vast  effects  here  attributed  to  it,  the  answer  is  that,  when  ice  and 
irater  ajne  present  together,  the  slightest  difference  is  sufficient  to  determine  which  portion 
if  the  w»ter  shall  freexe,  or  which  portion  of  the  ice  shall  melt.  In  default  of  a  more 
powerful  caiue,  those  portions  of  ice  which  are  most  stressed  wiU  melt  first. 
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ture,  leaving  the  aperture  open.  As  the  water  freezes,  a  cylinder 
of  ice  will  be  gradually  protruded.  This  experiment  is  due  to  Mr. 
Christie     Professor  Forbes  obtained  a  similar  result  by  using  a  very 


strong  glass  jar;  and  by  smearing  the  interior,  just  below  tbe  neck, 
with  colouring  matter,  be  demonstrated  that  the  external  layer  of 
ice  which  was  first  formed,  slid  along  the  glass  as  the  freeziDg  pro- 
ceeded, until  it  was  at  length  protruded  beyond  the  mouth. 

In  the  expeiimenta  of  Major  Williams,  described  in  §  236,  it  is  pro- 
bable that  much  of  tbe  water  remained  unfrozen  until  its  pressure 
was  i-elieved  by  the  bursting  of  the  shells. 


CHAPTER    XXV. 


EVAPOBITION. 


240.  TruBfonnation  into  the  State  of  Vapour. — ^The  majority  of 
liquids,  when  left  to  themselves  in  contact  with  the  atmosphere, 
gfradually  pass  into  the  state  of  vapour  and  disappear.     This  pheno- 
menon occurs  much  more  rapidly  with  some  liquids  than  with  others, 
and  those  which  evaporate  most  readily  are  said  to  be  the  most 
volatile.     Thus,  if  a  drop  of  ether  be  let  fall  upon  any  substance,  it 
disappears   almost   instantaneously;    alcohol    also  evaporates  very 
quickly,  but  water  requires  a  much  longer  time  for  a  similar  trans- 
ibrmatioa     The  change  is  in  all  cases  accelerated  by  an  increase  of 
temperature ;  in  fact,  when  we  dry  a  body  before  the  fire,  we  are 
simply  availing  ourselves  of  this  property  of  heat  to  hasten  the 
evaporation  of  the  moisture  of  the  body.     Evaporation  may  also 
take  place  from  solids.      Thus  camphor,  iodine,  and  several  other 
substances  pass  directly  from  the  solid  to  the  gaseous  state,  and  we 
shall    see  hereafter  that  the  vapour  of  ice  can  be  detected  at  tem- 
peratures far  below  the  freezing-point. 

Evaporation,  unlike  fusion,  occurs  over  a  very  wide  range  of  tem- 
r>eratiire.  There  appears,  however,  to  be  a  temperature  for  each 
lUbstAnce,  below  which  evaporation,  if  it  exist  at  all,  cannot  be 
tetectecL  This  is  the  case  with  mercury  at  0**  C,  and  with  sulphuric 
cidi  sLt  ordinary  atmospheric  temperaturea 

241*  Tapour,  Oas. — The  words  gaa  and  vapour  have  no  essential 
ifferei^ce  of  meaning.  A  vapour  is  the  gas  into  which  a  liquid  is 
langed  by  evaporation.  Every  gas  is  probably  the  vapour  of  a 
trtaixi  liquid.  The  word  vapour  is  especially  applied  to  the  gaseous 
►ndition.  of  bodies  which  are  usually  met  with  in  the  liquid  or  solid 
site,  «^  ^water,  sulphur,  &c.;  while  the  word  gas  generally  denotes  a 
,djr  -wfai^^h,  under  ordinary  conditions,  is  never  found  in  any  state 
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but  the  gaseous.  There  are  a  few  gases  which  experimenters  have 
hitherto  been  unable  to  obtain  under  any  other  form.  These  are 
oxygen,  hydrogen,  nitrogen,  nitric  oxide,  carbonic  oxide,  and  marsh 
gas ;  they  are  sometimes  called  permanent  gases. 

S42.  Elastic  Force  of  Vapours.  Maximum  Tension. — ^The  char- 
acteristic property  of  gases  is  their  expsuisibility  or  elastic  force^ 
This  may  be  exemplified  in  the  case  of  vapours  by  the  following 
experiment 

A  glass  globe  A  (Fig.  232)  is  fitted  with  a  metal  cap  provided  with 
two  openings,  one  of  which  can  be  made  to  communicate  with  a 
mercurial  manometer,  while  the  other  is  furnished  with  a  stop-cock  R 
The  globe  is  first  exhausted  of  air  by  establishing  communication 
through  R  with  an  air-pump.     The  mercury  rises  in  the  left-hand 
and  falls  in  the  right-hand  branch  of  the  manometer;  the  final  dif- 
ference of  level  in  the  two  branches  differing  from  the  height  of  the 
barometer  only  by  the  very  small  quantity  representing  the  tension 
of  the  air  left  behind  by  the  machine.     The  stop-cock  R  is  then 
closed,  and  a  second  stop-cock  R'  surmounted  by  a  funnel  is  fixed 
above  it     The  hole  in  this  second  stop-cock,  instead  of  going  quite 
through  the  metal,  extends  only  half-way,  so  as  merely  to  form  a 
cavity.     This  cavity  serves  to  introduce  a  liquid  into  the  globe, 
without  any  communication  taking  place  between  the  globe  and  the 
external  air.     For  this  purpose  we  have  only  to  fill  the  funnel  with 
a  liquid,  to  open  the  cock  R,  and  to  turn  that  at  R^  backwards  and 
forwards  several  times.     It  will  be  found,  that  after  the  introduction 
of  a  small  quantity  of  liquid  into  the  globe,  the  mercurial  column 
begins  to  descend  in  the  lefl  branch  of  the  manometer,  thus  in- 
dicating an  increase  of  elastic  force.     This  elastic  force  goes  on  in- 
creasing as  a  greater  quantity  of  liquid  is  introduced  into  the  globe; 
and  as  no  liquid  is  visible  in  the  globe,  we  must  infer  that  it  eva- 
porates as  fast  as  it  is  introduced,  and  that  the  fall  of  the  mercurial 
column  is  caused  by  the  elastic  force  of  the  vapour  thus  formed. 

This  increase  of  pressure,  however,  does  not  go  on  indefinitely. 
After  a  time  the  difference  of  level  in  the  two  branches  of  the  mano- 
meter ceases  to  increase,  and  a  little  of  the  unevaporated  liquid  may 
be  seen  in  the  globe,  which  increases  in  quantity  as  more  liquid  is 
introduced.  From  this  important  experiment  we  conclude  that  there 
is  a  limit  to  the  quantity  of  vapour  which  can  be  formed  at  a  given 
temperature  in  an  empty  space.     When  this  limit  is  reached^  the 

^  The  namos  preuure,  tennan,  and  tUuticforoe,  are  used  interdiangeaUy. 
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space  is  said  to  be  saturated,  and  the  vapour  then  contained  in  it  is 
at  moidTnuin  tcTtsion,  and  at  maximu-m  density.  It  evidently  fol- 
lows from  this  that  if  a  quantity  of  vapour  at  less  than  its  maximum 
tendon  be  incloeed  in  a  given  space,  and  then  compressed  at  constant 


tlf.  KZ.— Appkntu  lot  itudTlni  th*  Foniution  of  Vipoiui. 

temperature,  its  tension  and  density  will  increase  at  first,  but  that 
after  a  time  a  point  will  be  reached  when  further  compreaaion,  in- 
stead of  increasing  the  density  of  the  vapour,  will  only  cause  some  of 
it  to  pass  into  the  liquid  state.  This  last  result  may  he  directly 
i-erified  by  the  following  experiment.  A  barometric  tube  ab  (Fig. 
133)  is  filled  with  mercury,  with  the  exception  of  a  small  space,  into 
c-hicii  a  few  drops  of  ether  are  introduced,  care  having  first  been 
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but  fcfae  gajseous.  There  are  a  few  gases  which  experimenters  have 
hitherto  been  unable  to  obtain  under  any  other  form.  These  are 
oxygen,  hydrogen,  nitrogen,  nitric  oxide,  carbonic  oxide,  and  marsh 
gas ;  they  are  sometimes  called  pei^maTient  -gases. 

S42.  Elastic  Force  of  Vapours.  Maximum  Tension. — The  char- 
acteristic property  of  gases  is  their  expansibility  or  elastic  foroa^ 
This  may  be  exemplified  in  the  case  of  vapours  by  the  following 
experiment. 

A  glass  globe  A  (Fig.  232)  is  fitted  with  a  metal  cap  provided  with 
two  openings,  one  of  which  can  be  made  to  communicate  with  a 
mercurial  manometer,  while  the  other  is  furnished  with  a  stop-cock  R 
The  globe  is  first  exhausted  of  air  by  establishing  communication 
through  R  with  an  air-pump.     The  mercury  rises  in  the  left-hand 
and  falls  in  the  right-hand  branch  of  the  manometer ;  the  final  dif- 
ference of  level  in  the  two  branches  difiering  from  the  height  of  the 
barometer  only  by  the  very  small  quantity  representing  the  tension 
of  the  air  left  behind  by  the  machina     The  stop-cock  R  is  then 
closed,  and  a  second  stop-cock  R'  surmounted  by  a  funnel  is  fixed 
above  it     The  hole  in  this  second  stop-cock,  instead  of  going  quite 
through  the  metal,  extends  only  half-way,  so  as  merely  to  form  a 
cavity.     This  cavity  serves  to  introduce  a  liquid  into  the  globe, 
without  any  communication  taking  place  between  the  globe  and  the 
external  au\     For  this  purpose  we  have  only  to  fill  the  funnel  with 
a  liquid,  to  open  the  cock  R,  and  to  turn  that  at  R'  backwards  and 
forwards  several  times.     It  will  be  found,  that  after  the  introduction 
of  a  small  quantity  of  liquid  into  the  globe,  the  mercurial  column 
begins  to  descend  in  the  left  branch  of  the  manometer,   thus  in- 
dicating an  increase  of  elastic  force.     This  elastic  force  goes  on  in- 
creasing as  a  greater  quantity  of  liquid  is  introduced  into  the  globe ; 
and  as  no  liquid  is  visible  in  the  globe,  we  must  infer  that  it  eva^ 
porates  as  fast  as  it  is  introduced,  and  that  the  fall  of  the  mercurial 
column  is  caused  by  the  elastic  force  of  the  vapour  thus  formed. 

This  increase  of  pressure,  however,  does  not  go  on  indefinitely. 
After  a  time  the  difference  of  level  in  the  two  branches  of  the  mano- 
meter ceases  to  increase,  and  a  little  of  the  unevaporated  liquid  may 
be  seen  in  the  globe,  which  increases  in  quantity  as  more  liquid  is 
introduced.  From  this  important  experiment  we  conclude  that  there 
is  a  limit  to  the  quantity  of  vapour  which  can  be  formed  at  a  given 
temperature  in  an  empty  space.      When  this  limit  is  reached,  the 

^  The  namos  jweMure,  tension,  and  eUutic  foroe,  are  used  inteichaiigeably. 
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space  ia  said  to  be  saturated,  and  the  vapour  then  contained  in  it  ia 
at  nummum  teii^on,  and  at  fnaximum  deiisity.  It  evidently  fol- 
lows from  this  that  if  a  quantity  of  vapour  at  leas  than  its  maximum 
tension  he  inclosed  in  a  given  space,  and  then  compressed  at  constant 


Fig.  xni-^Appuatu  far  itodjlng  tiu  FDiuatlon  oT  TftpooiL 

•mpeTa.tvire,  its  tension  and  density  will  increase  at  first,  but  that 
ler  a  time  a  point  will  be  reached  when  further  compression,  in- 
;ad  of  increasing  the  density  of  the  vapour,  will  only  cause  some  of 
to  pass  iDto  the  liquid  state.  This  last  result  may  be  directly 
rified  by  t>he  following  experiment.  A  barometric  tube  ab  (Fig. 
3)  is  filled  with  mercury,  with  the  exception  of  a  small  space,  into 
ich   a   f'ovr  drops  of  etiier  are  introduced,  care  having  first  been 
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taken  to  expel  any  bubbles  of  air  which  may  have  remuoed 
hering  to  the  mercury.  The  tube  is  then  inverted  in  the  deep ' 
MN,  when  the  ether  ascends  to  the  surface  of  the  mercury,  is  I 
converted  into  vapour,  and  produces  a  sensible  depression  of 
mercurial  column.  If  the  quantityof  i 
be  sufficiently  small,  and  if  the  tut 
kept  sufficiently  high,  no  liquid  wi 
perceived  in  the  space  above  the  men 
this  space,  in  fact,  is  not  saturated, 
tension  of  the  vapour  which  occupies 
given  by  the  difference  between  the  h 
of  the  column  in  the  tube  and  of  a 
meter  placed  beside  it.  If  the  tul 
gradually  lowered,  this  difference  v 
first  be  seen  to  increase,  tliat  is,  the  te 
of  the  vapour  of  ether  increaaes;  1 
we  continue  the  process,  a  portion  of  1 
ether  will  be  observed  to  collect  abo^ 
mercury,  and  after  this,  if  we  lowe 
tube  any  further,  the  height  of  the 
cury  in  it  remains  invariable.  The 
effect  is  to  increase  the  quantity  of  I 
deposited  from  the  vapour.' 

243.  Inflnenoe  of  Temperktnn  o 

Haximnm    Tension. — Returning   nc 

the  apparatus  represented  in  Fig.  235 

pose  that  some  of  the  liquid  remaii 

evaporated  in  the  bottom  of  the  glob 

let  the  globe  be  subjected  to  an  in 

of  temperature.      An  increase  of  • 

force  will  at  once  be  indicated  by  the 

ometer,  while  the  quantity  of  liqui 

be  diminbhed.     The  maximum  tern 

a  vapour,  therefore,  and  also  its  maximum  density,  increase  wii 

temperature ;  and  consequently,  in  order  to  saturate  a  given 

a  quantity  of  vapour  is  required  which  increases  with  the  ten 

ture.     In  a  subsequent  chapter  we  shall  give  the  results  of  € 

1  Strictly  Bpeuking,  there  will  be  ft  slight  additional  depreaaion  oE  tbs  mercuHjJ 
due  to  the  weight  of  the  liquid  thui  deposited  on  ila  aammit ;  but  this  eflect  irill  g 
be  very  ■mall,  u  the  vftpour  oocopiw  much  more  n^mae  than  the  liquid  which  it  yi 


Fig.  133.— JIuiniiim  I«iu1od  i 
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mentB  on  the  maximum  tension  of  aqueous  vapour  at  different  tern* 
per&tores,  and  it  will  be  seen  that  the  increase  is  exceedingly  rapid 
Fig.  234  is  a  graphical  representation  of  the  rate  at  which  the 
maximum  density  of  a  vapour  increases  with  the  temperature. 
Lengths  are  laid  off  on  the  base-line  AB,  to  represent  temperatures 
from  —20''  to  +35'' C,  and  ordinates  are  erected  at  every  fifth  de* 


Fig.  S84.— Satontkm  at  different  Tempentturei. 


gree,  proportional  to  the  weights  of  vapour  required  to  saturate  the 
same  space  at  different  temperatures.  The  curve  CD,  drawn  through 
the  extremities  of  these  ordinates,  is  the  curve  of  vapour-density  as 
I  function  of  temperature.  The  figures  on  the  right  hand  indicate 
the  number  of  grammes  of  vapour  required  to  saturate  a  cubic  metre. 

244.  Mixture  of  Gas  and  Vapour. — ^The  experiments  with  the 
tpparatus  of  Fig.  232  may  be  repeated  after  filling  the  globe  with 
ry  air,  or  any  other  dry  gas»  and  the  results  finally  obtained  will 
e  the  same  as  with  the  exhausted  globe.  If,  as  before,  we  introduce 
locessive  small  quantities  of  a  liquid,  it  will  be  converted  into  vapour, 
id  the  pressure  will  go  on  increasing  till  saturation  is  attained;  the 
astic  force  of  vapour  will  then  be  found  to  be  exactly  the  same  as 

the  case  of  the  vacuous  globe,  and  the  quantity  of  liquid  eva- 
>rated  will  also  be  the  same. 

There  is,  however,  one  important  difference.      In  the  vacuum  the 

mplete  evaporation  of  the  liquid  is  almost  instantaneous;  in  a  gas, 

the  other  hand,  the  evaporation  and  consequent  increase  of  pres- 

ie  proceed  "with  comparative  slowness;  and  the  difference  between 
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the  two  cases  is  more  marked  in  proportion  as  tbe  preasore  a 
gas  is  greater. 

We  may  lay  dowa,  then,  the  two  following  lava  for  the  mi: 
of  a  vapour  with  a  gas: — 

1.  Ths  weight  of  vapour  wfiich  wiU  eriter  a  given  space  i 
game  vA^her  this  apace  be  empty  or  filled  with  gaa,  providedp 
of  time  be  alUywed. 

2.  When  a  gas  ie  saturated  with  vapour,  the  actual  teriMcn  < 
vniscture  ia  the  sum  of  the  teTmona  due  to  the  gaa  cmd  vapovr 
rately;  that  is  to  say,  it  ia  equal  to  the  pressure  which  the  gas  ^ 
exert  if  it  alone  occupied  the  whole  space,  plus  tlie  maximvm 
sum  of  vapour  for  the  temperature  of  the  mixture. 

This  second  law  evidently  comes  under  the  general  rule  for  i 
mining  the  pressure  of  a  mixture  of  gases  (§  127);  and  the  sam< 
applies  to  a  mixture  of  gas  and  vapour  when  the  quantity  < 
latter /oils  short  of  saturation.  Each  element  in  a  mixture  of 
and  vapours  exerts  the  same  pressure  on  the  walls  of  the  coutt 
vessel  as  it  would  exert  if  the  other  elements  were  removed. 

It  is  doubtful,  however,  whether  these  laws  are  rigorously 
It  would  rather  appear  from  some  of  Kegnault's  experiments 
the  quantity  of  vapour  takeu  up  in  a  given  space  is  slightly,  t1 
almost  inseasibly,  diminished,  as  the  density  of  the  gas  whic 
eupies  the  space  is  increased. 

S45.  Liquefaction  of  Oasfls. — When  vapour  exists  in  the  st 
saturatioD,  any  diminution  in  the  volume  must,  if  the  tempei 
is  preserved  constant,  involve  the  liquefaction  of  as  mnch  < 
vapour  as  would  occupy  the  difference  of  volumes;  and  the  v 
which  remains  will  still  be  at  the  original  density  and  tenmo 
vapour  existing  by  itself  may  therefore  be  completely  liqaefi 
subjecting  it  to  a  pressure  exceeding,  by  ever  so  slight  an  ax 
the  maximum  tension  corresponding  to  the  temperature,  pn 
that  the  containing  vessel  is  prevented  from  rising  in  temperai 

Again,  if  a  vapour  at  saturation  be  subjected  to  a  fall  of 
perature,  while  its  volume  remains  unchanged,  a  portion  of  il 
be  liquefied  corresponding  to  the  difference  between  the  deni 
saturation  at  the  higher  and  at  the  lower  temperature.  This 
tion  will  obviously  diminish  the  tension,  since  this  will  now 
maximum  tension  corresponding  to  the  lower  instead  of  I 
higher  temperature. 

There  are  therefore  two  distinct  means  of  liquefying  a  vof 
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increase  of  pressure,  and  lowering  of  temperature.     They  are  em- 
ployed sometimes  separately,  and  Bometimes  in  conjunction. 

Fig.  235  represents  the  apparatus  usually  employed  for  obtaining 
sulphurous  acid  in  the 
liquid  state.  The  gas, 
vbich  is  generated  in  a 
giisa  globe,  passes  first 
into  a  washing- bottle, 
then  through  a  drying- 
tube,  and  finally  into  a 
tube  surrounded  with  a 
freezing  mixture  of  enow 

Uld  salt.  r\g_  nS.-LlqogfteUon  0(  Bnlphnnmi  Add. 

Ponillet's  apparatus,  de- 
scribed in  §  120,  serves  to  liquefy  moat  gases  by  means  of  compression 
la  order  to  ascertain  the  pressures  at  which  lique&ction  takes 
place,  or,  in  other  words,  the  maximum  tensions  of  gases,  one  of  the 
tubes  in.  that  apparatus  is  replaced  by  a  shorter  tube,  containing 
atmospheric  ur,  and  serving  as  a  manometer. 

By  this  means  Pouillet  has  found  that,  at  the  temperature  of  IO°C., 
solphuroos  acid  is 
iitfuefied  byapressnre 
of  2|  atmospheres, 
nitroas  oxide  by  a 
pressure  of  43,  and 
carbonic  acid  by  a 
pressure  of  43  atmo- 
^heres. 

246.  Fuaday'B  lift- 
Aod. — Faraday,  who 
vas  the  first  to  con< 
luct  methodical  ex- 
leriments  on  the 
que&ction  of  gases, 
mployed,  in  the  first 
■stance,    the  simple 

jparatns    represent-  rtg.  i«.-f™j„'.  App»«iu. 

1   in    Fig.    236.     It 

nsists  of  &  very  strong  bent  glass  tube,  one  end  of  which  contains 
gredients  -which  evolve  the  gaa  on  the  application  of  heat,  while 
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tinct  reservoirs.     In  the  generator  C  is  placed  bicarbonate  of  soda, 
and  A  vertical  tube  a,  open  at  top,  containing  sulphuric  acid.     By 
imparting  an  oscillatory  movement  to  the  vessel  about  the  two  pivots 
wbich  support  it  near  the  middle,  the  sulphuric  acid  is  gradually 
spilt,  and  the  carbonic  acid  is  evolved,  and  becomes  liquid  in  the 
interior.     The  generator  is  then  connected  with  the  condenser  (J  by 
the  tube  t,  and  the  stop-cocks  R  and  R'  are  opened.     As  soon  as  the 
two  vessels  are  in  communication,  the  liquid  carbonic  acid  passes  into 
the  condenser,  which  is  at  a  lower  temperature  than  the  generator, 
and  represents  the  cold  branch  of  Faraday's  apparatus.     The  gene- 
rator can  then  be  disconnected  and  recharged,  and  thus  several  pints 
of  liquid  carbonic  acid  may  be  obtained. 

In  the  foregoing  methods,  the  pressure  which  produces  liquefaction 
is  furnished  by  the  evolution  of  the  gas  itself 

In  some  other  forms  of  apparatus  the  pressure  is  obtained  by  the 
use  of  one  or  more  compression-pumps,  which  force  the  gas  from  the 
vessel  in  which  it  is  generated  into  a  second  vessel,  which  is  kept  cool 
either  by  ice  or  a  freezing  mixtura  The  appai*atus  of  this  kind 
which  is  most  extensively  used  is  that  devised  by  Bianchi.  It  con- 
sists of  a  compression-pump  driven  by  a  crank  famished  with  a  fly- 
wheel, and  turned  by  hand. 

Faraday,  in  his  later  experiments,  employed  two  pumps,  the  first 
having  a  piston  of  an  inch,  and  the  second  of  only  half  an  inch  dia- 
meter. The  first  pump  in  the  earlier  stage  of  the  operation  forced 
the  gas  through  the  second  into  the  receiver.  In  the  later  stage  the 
s€C(md  pump  was  also  worked,  so  as  to  force  the  gas  already  con- 
iensed  to  10,  15,  or  20  atmospheres  into  the  receiver  at  a  much 
ligber  pressure.  The  receiver  was  a  tube  of  green  bottle-glass,  and 
vas  immersed  in  a  very  intense  freezing  mixture,  consisting  of  solid 
arbonic  acid  and  ether,  the  cooling  effect  being  sometimes  increased 
y  exhausting  the  air  and  vapour  from  the  vessel  containing  the 
eeziug  mixture,  so  as  to  promote  more  rapid  evaporation. 
246  a.  Continuity  of  the  Liquid  and  Gaseous  States. — Remarkable 
suits  -were  obtained  by  Cagniard  de  la  Tour*  by  heating  volatile 
pids  (alcohol,  petroleum,  and  sulphuric  ether)  in  closed  .tubes  of 
eat  strength,  and  of  capacity  about  double  the  volume  of  the 
^iosed  liquid.  At  certain  temperatures  (36°  C.  for  alcohol,  and  42° 
'  ether)  the  liquid  suddenly  disappeared^  becoming  apparently  con- 
'ted  into  irapour. 

'  Ann.  de  Chim.  II.  xxi. 
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Drion,^  by  similar  experiments  upon  hydrochloiic  ether,  hyponi 
acid,  and  sulphurous  acid,  showed — 

1.  That  the  coefficients  of  apparent  expansion  of  these  liqi 
increase  rapidly  with  the  temperature. 

2.  That  they  become  equal  to  the  coefficient  of  ezpan«on  of 
at  temperatures  much  lower  than  those  at  which  total  coDTen 
into  vapour  occurs. 

3.  That  they  may  even  become  double  and  more  than  double 
coefficient  of  expansion  of  air;  for  example,  at  130°C  the  coeffic 
of  expansion  of  sulphurous  acid  was  009571. 

Thilorier  had  previously  shown  that  the  expansion  of  liquid 
bonic  acid  between  the  temperatures  0°  and  30°  C.  is  four  tim( 
great  as  that  of  air. 

Drion  further  observed,  that  when  the  temperature  waa  ra 
very  gradually  to  the  point  of  total  vaporization,  the  &ee  surface 
its  definition,  and  was  replaced  by  a  nebulous  zone  without  de£ 
edges  and  destitute  of  reflecting  power.  This  zone  increased  in 
both  upwards  and  downwards,  but  at  the  same  time  became 
visible,  until  the  tube  appeared  completely  empty.  The  : 
appearances  were  reproduced  in  inverse  order  on  gradually  coc 
the  tube. 

When  the  liquid  waa  contained  in  a  capillary  tube,  or  whi 
capillary  tube  was  partly  immersed  in  it,  the  curvature  of  the  men 
and  the  capillary  elevation  decreased  as  the  temperature  rose,  i 
at  length,  just  before  the  occurrence  of  total  vaporization,  the  su 
became  plane,  and  the  level  was  the  same  within  as  without  the  i 

Dr.  Andrews,  by  a  series  of  elaborate  experiments  on  carl 
acid,  with  the  aid  of  an  apparatus  which  permitted  the  pressure 
temperature  to  be  altered  independently  of  each  other,  has  si 
that  at  temperatures  above  31''C.  this  gas  cannot  be  liquefied, 
when  subjected  to  intense  pressure,  becomes  reduced  to  a  cond 
in  which,  though  homogeneous,  it  is  neither  a  liquid  nor  a 
When  in  this  condition,  lowering  of  temperature  under  constant 
sure  will  reduce  it  to  a  liquid,  and  diminution  of  pressure  at  con! 
temperature  will  reduce  it  to  a  gas;  but  in  neither  case  can  any  bi 
of  continuity  be  detected  in  the  transition. 

On  the  other  hand,  at  temperatures  below  31°,  the  subsJ 
remains  completely  gaseous  until  the  pressure  reaches  a  certain 
depending  on  the  temperature,  and  any  pressure  exceeding  this 
■  Ann.  dt  Chim.  HI.  M. 
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m  liqne&cUoo  to  commeace  and  to  continue  till  the  whole  ( 

13  liquefied,  the  boundary  between  the  liquefied  and  unliqi 

tions  being  always  sharply  defined. 

'he  temperature  3l°C.,  or  more  exactly  3092°C.  {87TF.), 

-efore  be  called  the  critical  temperature  for  carbonic  acid ;  a 

robable  that  every  other  substance,  whether  usually  occurri 

gaseous  or  in  the  liquid  form,  has  in  like  maaaer  its  own  ci 

perature.     Dr.  Andrews  found  that  nitrous  oxide,  hydroci 

,  ammonia,  sulphuric  ether,  and  sulphuret  of  carbon,  all  exhi 

cal  temperatures,  which,  in  the  case  of  some  of  these  substa 

a  above  100°  C. 

r  is  probable  that,  in  the  experiments  of  Cagniard  de  la  Toui 

ID,  the  so-called  total  conversion  into  vapour  was  really  co 

into  the  intermediate  condition. 

lie  continuous  cooveision  of  a  gas  into  a  liquid  may  be  eff 

irst  compressing  it  at  a  temperature  above  its  critical  tem 

,  until  it  is  reduced  to  the  volume  which  it  will  occupy  ' 

ified,  and  then  cooling  it  below  the  critical  point 

lie  continuous  conversion  of  a  liquid  into  a  gas  may  be  obti 

irst  raising  it  above  the  critical  temperature  while  kept  i 

iure  sufficient  to  prevent  ebullition,  and  afterwards  allowi 

cpand. 

hen  a  substance  is  a  little  above  its  critical  temperature 

pies  a  volume  which  would,  at  a  lower  temperature,  be 

)le  with  partial  liquefaction,  very  great  changes  of  volumi 

uced  by  very  slight  changes  of  pressure^ 

1  the  other  hand,  when  a  substance  is  at  a  temperature  a 

If  its  critical  point,  and  is  partially  liquefied,  a  slight  increi 

■erature  leads  to  a  gradual  obliteration  of  the  surface  of  dem 

between  the  liquid  and  the  gas;  and  when  the  whole  has 

reduced  to  a  homogeneous  fluid,  it  can  be  made  to  exhib: 

arance  of  moving  or  flickering  BtriEs  throughout  its  entire 

ightly  lowering  the  temperature,  or  suddenly  diminishing 

ure. 

le  apparatus  employed  in  these  remarkable  experiments,  \ 

escribed  in  the  Bokerian  Lecture  (PhiL  Trana.  1869),  is  si 

g.  237a,  where  cc  are  two  capillary  glass  tubes  of  great  stre: 

if  them  containing  the  carbonic  acid  or  other  gaa  to  be  ei 

ed  on,  the  other  containing  air  to  serve  as  a  manometer.     1 

snnected  with  strong  copper  tubes  dd,  of  larger  diameter, 
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tiiitiiDg  water,  and  communicabing  with  each  other  throagh  ab, 
water  being  separated  from  the  gases  by  a  column  of  mercurj 
cupyiog  the  lower  portion  of  i 
capillary  tube.  The  steel  scren 
are  the  instrumenta  for  appi; 
pressure.  By  screwing  eitlie 
them  forward  into  the  water, 
contents  of  both  tubes  ar«  < 
pressed,  and  the  only  use  of  ha 
two  is  to  give  a  wider  rang 
compression.  A  rectangular  1 
case  (not  shown  in  the  figure),  c1 
before  and  behind  with  plate^ 
Surrounds  each  capillary  tube, 
allows  it  to  be  maintained  at 
required  temperature  by  the 
of  a  stream  of  water. 

347.  Latent  Heat  of  Vaporizi 
Cold  produced  by  Evaporation.- 
passage  from  the  liquid  to  the 
nj.  j37A.-ADdrei™'  App»«tu«.  eous  state  is  accompanied   bj 

disappearance  of  a  large  quanti 
heat  Whenever  a  liquid  evaporates  without  the  application  of 
a  depression  of  temperature  occurs.  'Thus, 
for  ioBtaoce,  if  any  portion  of  the  skin  be 
kept  moist  with  alcoliol  or  ether,  a,  decided 
sensation  of  cold  is  felt  Water  produces 
the  same  effect  in  a  smaller  degree,  be- 
cause it  evaporates  less  rapidly. 

The  heat  which  thus  disappears  in 
virtue  of  the  passage  of  a  liquid  into  the 
gaseous  condition,  is  called  the  latent  heat 
of  vaporization.  Its  amount  varies  ac- 
cording to  the  temperature  at  which  the 
change  is  effected,  and  it  is  exactly  re- 
stored when  the  vapour  returns  to  the 

liquid  form,  provided  that  both  changes         »ie-  »».-L«ii«'»  Eii»i 
have  been  effected  at  the  same  tempera- 
ture.    Its  amount  for  vapour  of  water  at  the  temperature  1C 
is  536°;  that  is  to  say,  tlie  quantity  of  heat  which  disappears  i 
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taken,  containing  a  little  water,  and  is  placed  above  a  vessel 
taining  strong  Bulphuric  acid.  The  whole  is  placed  under  the  reo 
of  an  air-pump,  which  is  then  exhausted.  The  water  evaporates 
great  rapidity,  the  vapour  being  absorbed  by  the  sulphuric  ac 
Tast  as  it  is  formed,  and  Ice  soon  begins  to  appear  on  the  bui 
The  experiment  is,  however,  rather  difficult  to  perform  snccesEl 
This  arises  from  various  causes. 

In  the  first  place,  the  vapour  of  water  which  occupies  the  i 
part  of  the  receiver  is  only  imperfectly  absorbed;  and,  in  the  sc 
pUce,  as  the  upper  layer  of  the  acid  becomes  diluted  by  absoi 
the  vapour,  its  affinity  for  water  rapidly  diminishes. 

These  obstacles  have  been  removed  by  an  apparatus  iovente 
M.  Carr^,  which  enables  us  to  obtain  a  considerable  mass  of  ict 
few  minutes.  It  consists  (Fig.  239)  of  a  leaden  reservoir  couta 
sulphuric  acid  At  one  extremity  is  a  vertical  tube,  the  end  of  ^ 
is  bent  over  and  connected  with  a  flask  containing  water.  The 
extremity  of  the  reservoir  communicates  with  an  air-pump,  i 
handle  of  which  is  litted  a  metallic  rod,  which  drives  an  agi 
immersed  in  the  acid.  By  this  means  the  surface  of  the  acid  it 
binuaUy  renewed,  absorption  takes  place  with  regularity,  and  the  ■ 
is  rapidly  frozen. 

249.  Cryoplioras. — Wollaston's  cryophorus  (Fig.  240)  consist 

bent  tube  with  a  bulb  at  each  end.     It  is  partly  tilled  with  ^ 

and    hermetically  sealed    whil« 

liquid  is  in  ebullition,  thus  exp 

the  air. 

When  an  experiment  is  to  be : 

all  the  liquid  is  passed  into  tlic 

B,  and  the  bulb  A  is  plunged 

freezing  mixture,  or  into  poundi 

The  cold  coDdenses  the  vapour 

and  thus  produces  rapid  evapo 

of  the  water  in  R     In  a  short 

needles  of  ice  appear  on  the  surj 

the  liquid. 

S60.  Freenng  of  Water  by  th< 

Fig.  «o,-c„opho™  poration  ot  Ether.— Water  is  f 

into  a  glass  tube  dipped  into 

ivhich  is  contained  in  a  glass  vessel  for  the  purpose  (Fig.  241) 

means  of  a  pair  of  bellows  a  current  of  air  is  made  to  pass  th 
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ether  i  evapombion  is  quickly  produced,  and  at  tito  end  of  a 
utes  the  water  in  the  tube  is  frozen. 


Flf.  Ml.— Fmallit  of  WaUr  bj  Biapontlon  of  Ettur. 

instead  of  promoting  evaporation  of  the  ether  by  means  < 
nt  of  air,  the  vessel  were  placed  under  the  exhausted  recei 
I  air-pump,  a  much  greater  fall  of  temperature  would  be 
d,  and  even  mercuiy  might  easily  be  frozen.     This  experim< 

ver,  is  injurious  to  the  pump,  owing  to  the  sol-  

action  of  the  ether  on  the  oil  with  which  the 
s  and  other  moving  pitrts  are  lubricated. 
I.  Freesing  of  Hercnry  by  means  of  Sslphnroas 
— Mercury  may  be  frozen  by  means  of  liquid 
urous  acid,  which  is  much  more  volatile  than 

In  order  to  escape  the  suffocating  action  of  the  i^jF 

the  experiment  is  performed  in  the  following  l^P 

*'"■  _  FIj,  Ml 

3  a  glass  vessel  (Fig.  242)  are  poured  successively     vmuagntii 
try  and  liquid  sulphurous  acid.     The  vessel  is       suipimmaj 
1  by  an  india-rubber  stopper,  in  which  two  glass 
are  fitted.     One  of  these  dips  to  the  bottom  of  the  sulpl 
cid,  and  is  connected  at  its  outer  end  with  a  bladder  fuj 
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Air  is  passed  through  the  liquid  by  compressing  the  blad 
I  escapes,  charged  with  vapour,  through  the  second  open 
ich  13  fitted  with  an  india-rubber  tube  leading  to  the  open 
B.pomtion  proceeds  with  great  rapidity,  and  the  mercury  ( 
izes. 

1S3-  Carry's  Apparatas. — The  apparatus  invented  some  years 
M.  Carr^  for  making  ice  is  another  instance  of  the  applicatio 
1  produced  by  evaporation.  It  consists  (Figs.  243  and  244)  of 
ts,  a  boiler  and  a  cooler.  The  boiler  is  of  wrought  iron,  and  i 
structed  as  to  give  a  very  large  beating  surface.     It  is  th 


f^g.  Hi.  Cut4'1  Appantu  Fi(.  H4. 

Hers  filled  with  a  saturated  solution  of  ammonia,  wbicb  coni 
n  six  to  seven  hundred  times  its  volume  of  gas.  The  cooler 
annular  form,  and  in  the  central  space  is  placed  a  vessel  com 
the  water  to  be  frozen.  In  the  sides  of  the  cooler  are  a  qui 
iniall  cells,  the  object  of  which  is  to  increa^  the  suiiace  of 
;  of  the  metal  with  the  liquid. 

n  the  first  part  of  the  experiment,  which  is  represented  ii 
Lre,  the  boiler  is  placed  upon  a  fire,  and  the  temperature  raise 
1°,  while  the  cooler  is  surrounded  with  cold  water.  Ammon 
Is  given  off,  passes  into  the  cooler  by  the  valve  e'  opening 
■ds,  and  is  condensed  in  the  numerous  cells  above  mentio 
s  j^rst  part  of  the  operation,  in  the  small  machines  for  dom 
,  occupies  about  three-quarters  of  an  hour.  In  the  second  pa 
operation,  tbe  cylindrical  vessel  containing  the  water  to  be  fi 
laced  in  the  central  space;  the  cooler  is  surrounded  with  an  envt 
elt,  which  is  a  very  bad  conductor  of  heat,  and  the  boiler  h 
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tTsed  in  cold  water.  The  water  in  the  boiler,  as  it  cools,  is  able 
lin  to  receive  and  dissolve  the  gas,  which  enters  by  the  valve  a  of 
)  bent  siphoD-shaped  tube.  The  liquid  ammonia  in  the  cooler 
wrdingly  evaporates  with  great  rapidity,  producing  a  fall  of  tem- 
rature  which  freezes  the  water  in  the  inclosed  vessel. 
203.  Solidiflcation  of  Carbonio  Acid. — When  a  small  orifice  is  opened 
a  vessel  containing  liquid  carbonic  acid,  evaporation  proceeds  bo 
lidly  that  the  cold  resulting  from  it  freezes  a  portion  of  the  vapour, 
ich  takes  the  form  of  fine  snow,  and  may  be  collected  in  consider- 
e  quantity. 

fhia  carbonic  acid  snow,  which  was  first  obtuned  by  Thilorier,  is 
ilily  dissolved  by  etber,  and  forms  with  it  one  of  the  most  intense 
izing  mixtures  known.  By  immersitig  tubes  containing  liquefied 
es  iu  this  mixture,  Faraday  succeeded  in  reducing  several  of  them, 
uding  carbonic  acid,  cyanogen,  and  nitrous  oxide,  to  the  form  of 
I  transparent  ice,  the  fall  of  temperature  being  aided,  in  some 
is  experiments,  by  employing  an  air-pump  to  promote  more  rapid 
poration  of  carbonic  acid  from  the  mixture.  By  the  latter  pro- 
he  was  enabled  to  obtain  a  temperature  of  —166°  F,  (— llO'C.) 
adicated  by  an  alcohol  thermometer,  the  alcohol  itself  being  re- 
id  to  the  consistence  of  oil  Despretz,  by  means  of  the  cold 
luced  by  a  mixture  of  solid  carbonic  acid,  liquid  nitrous  oxid^ 
ether,  rendered  alcohol  so  viscid  that  it  did  not  rnn  out  when 
vessel  which  contained  it  was  inverted. 
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len  a  liquid  contained  i 

:rea8e  of  temperature, 

dissipated   in  the  sii 

nfined  to  the  surface;  ' 

bubbles  of  vapour  a 

rior  of  the  liquid,  ' 

and  set   the  entire 

more  or  less  veheme 

characteristic  noise 

by  ebullition  or  fcoi, 

If  we  observe  tl 

this  phenomenon,— 

vessel  containing  w 

that,  after  a   certa 

bubbles  are  given  ' 

of  dissolved  air.     So 

oS  the  vessel,  and  at 

which  are   most  in 

the  action  of  the 

vapour  are  formed, 

ume  as  they  ascend 

reaching  the  surface 

panied  by  a  peculii 

and  the  liquid  is  sut 

id  by  the  collapsing  of 

ir  water  through  whic 

number,  growing  larg* 

«,  which  is  thus  kept  i 

o  boil. 
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Ion. — 1.  At  the  ord-< 
iture  which  (roughl 

IS  to  that  of  fusion 
int  of  any  liquid  is 

gives  the  boiling-p 
limetres : — 


.  - 10°  C.  Spirits  I 

.-(■ll*  Pho^ 

87*  CoDoenl 

79*  Meteor 

.  100*  Sulphu 


in  ordinary  c 
a  thennometer  be 
emperature  will  be  < 
ages  preceding  ebu 
imenced,  no  furtbet 
I  phenomenon  poin 
'  evaporation, 
ing  the  continuous 
instant,  the  conclus 
iployed  in  doing  the 
The  constancy  of  t 
hat  vessels  of  pewtt 
ifely  exposed  to  the 
r  contain  water,  aim 
00°,  and  its  contact 

)/  the  vapour  giver. 
■  the  external  air. 
imition  may  be  ex; 

i  A,  open  at  the  loi 
lort  branch  ia  fillec 
vater;  in  the  long  1 
bend.  Water  is  nc 
the  bent  tube  is 
lie  upper  part  of  thi 
the  meronry  falls,  i 
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level  in  both  branches.     Thus  the  pressure  exerted  by  tne  atmo^l 
at  the  open  estrenuty  of  the  tube  is  exactly  equal  to   ' 
the  vapour  fonrn 
ebullitioD. 

266.  Theory  o 
This  latter  circuu 
the  true  physice 
ebuUitiou.  A  liq 
tion  when  it  giv. 
the  aavM  tensUn 
sphere  ahove  it. 

The  necessity  i 
of  tension  is  easil; 
a  bubble  of  vapoi 
interior  of  a  liqui 
247),  it  is  subjec 
exceeding  atmoa 
weight  of  the  liqu 
the  bubble  rises, 
ment  of  pressurt 
and  the  tension 

Fig.  HO.^TbiuIoii  of  Vi[ioiir  darinf  Ebnllltln.        COtnpOSing  the  bul 

diminishes,  until 
atmospheric  pressure  on  reaching  the  sur&ce. 

The  boiling-point  of  a  liquid  is  therefore  aecessaril 
is  the  temperature  at  which  the  tension  of  the  vapo 
is  equal  to  that  of  the  atmosphere.  It  must  be  remi 
that  this  temperature  varies  in  the  difierent  layers  of 
that  it  increases  with  the  depth  below  the  surfaca 
determining  the  second  fixed  point  of  the  thermoi 
stated  that  the  instrument  should  be  p 
steam,  and  not  into  the  water. 

207.  Effect  of  Pressure  upon  the  Be 

evidently  follows  from  the  foregoing  cod 

the  boiling-point  of  a  liquid  must  vary 

sure  on  the  sur&ce ;  and  experiment  e 

Fie  NT.  is  the  case.     Water,  for  instance,  boih 

the  external  pressure  of  760  millimet 

pressure  decreases,  ebullition  occurs  at  a  lower  tempc 

the  receiver  of  an  air-pump,  water  may  be  made  to  I 
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pentore  between  0°  and  100°.  Id  Carry's  apparatus  (Fig.  239)  the 
water  in  the  glass  bottle  is  observed  to  enter  into  active  ebullition  a 
few  moments  before  the  appearance  of  the  ice.  The  reason,  therefore, 
why  boiling  water  has  come  to  be  associated  in  our  rainda  with  a 
fixed  temperature  is  that  the  variations  of  atmospheric  pressure  are 
comparatively  small 

At  Paris,  for  instance,  the  external  pressure  varies  between  720 
aod  790  millimetres  (2S'3  and  31*1  inches),  and  the  boiling-pointy 
in  consequence,  varies  from  98'5°  to  lOll". 

258.  Franklin's  Experiment. — The  boiling  of  water  at  a  temperature 
lower  than  100°  may  be  shown  by  the  following  experiment: — ■ 

A  little  water  is  boiled  in  a  flask  for  a  sufficient  time  to  expel  most 
of  the  air  contained  in  it.  The 
flask  is  then  removed  from  the 
source  of  heat,  and  is  at  the 
same  time  securely  corked  To 
render  the  exclusion  of  air  still 
aioFe  certain,  it  may  be  inverted 
with  the  corked  end  immersed 
in  water  which  has  been  boiled. 
Ebullition  ceases  almost  imme- 
diately; but  if  cold  water  be 
now  poured  over  the  vessel,  or, 
better  still,  if  ice  be  applied  to 
it,  the  liquid  agiun  begins  to> 
boil,  and  continues  to  do  so  for 
a  considerable  time.  This  fact 
may  easily  be  expl^ned :  the 
contact  of  the  cold  water  or 

the  ice  lowers  the  temperature  Fig. sts-FnukUii-t Eifwiment. 

ud  tension  of  the  steam  which 

preaees  apoo  the  surface  of  the  liquid,  and  the  decrease  of  tendon 
aoBca  the  renewal  of  ebullition. 

260.  Determinatios  of  Heighta  by  Boiling-point. — Just  as  we  can 
determine  the  boiling-poiut  of  water  when  the  external  pressure  is 
given,  so,  if  the  boiling-point  be  kaown,  we  can  determine  the  ex- 
toTtal  pressure.  In  either  case  we  have  simply  to  refer  to  a  table  6f 
maximum  tensions  of  aqueous  vapour  at  different  temperatures. 

Aa  the  barometer  is  essentially  unsuitable  for  portability,  Wcdlaston 
propoaed  to  substitute  the  observation  of  boiling-points  as  a  means 
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of  detenniniug  pressures.  For  this  purpose 
meter  with  a  large  bulb  and  with  a  scale  ex 
greeB  above  and  below  ]00°.  He  called  this  i 
trie  thermometer. 

Kegoault  has  constructed  a  small  instrumei 
which  he  calls  the  hypaometer.  It  consists  c 
by  a  spirit-lamp,  anc 
scope  tube  with  an 
through  which  the  si 
mometer  dips  into  t 
through  the  top  of  t 
the  temperature  of  e 
This  temperature  i 
spheric  pressure  by 
vapour- tensions,  and 
putations  for  determi 
same  as  when  the  I 
(§  112). 

When  only  an  ap 
sired,  it  may  be  ass 
above  sea-level  is  se 
the  difference  betwee 
point  and  100°  C,  an 
be  employed,  viz. : 

A  =  29J 
where  h  is  expresse 
degrees  Centigrade. 

Fig.  3il).— HrpwmietaT.  ThuS,  at   QuitO,    V 

of  water  is  about  90' 

level  would  be  99  X  295=2920  metres,  which 

true  height  2808  metres. 

■    At  Madrid,  at  the  mean  pressure,  the  boilii 

gives  2  2x295  =  649  metres;  the  actual  heigl 

261.  Papin's  Digrater. — While  a  decrease 

boiling-point,  an  increase  of  pressure  raises'  it 

ting  the  boiler  in  communication  with  a  rest 

the  pressure  of  several  atmospheres,  we  can  ra 

110°,  115°,  or  120°;  aresult  often  of  great  utili 

'  If  ft  be  expreased  in  feet,  and  t  in  degrees  Fahrenliei 

A  =  B3e  {212-1).  ■ 


;r  that  the  liquid  may  aci 
I'e  the  liquid  must  be  sufti 
Jeii.sation  of  the  steam.    In 

higher  temperature  than  i 
ill  not  boil.  This  is  the 
orated  Papin,  and  called  . 
ize  vessel  of  great  streng 
erful  screw.  It  is  employf 
turea,  and  thus  obtaining  el 
■r  at  100°,  such  for  examp 
in  OS. 

is  to  be  observed  that  the 

the  temperature,  and  mr 
i,  at  200°,  the  pressure  is 
lounds  on  the  square  inch. 
rder  to  obviate  the  rislt  of 
jsion,  Papin  introduced  a 
■e  for  preventing  the  pres- 
from  exceeding  a  definite 
,  This  invention  has  since 
applied  to  the  boilers  of 
I -engines,  and  is  well 
^n  as  the  safety-valve.  It 
its  of  an  opening,  closed 
conical  valve  or  stopper, 
I   is   pres.sed  down  by  a 

loaded  with  a  weight. 
3se  the  area  of  the  lower 
»f  the  stopper  to  be  1 
3  inch,  and  that  the  pres- 
s  not  to  exceed  10  atmo- 
;s,  corresponding  to  a 
rature  of  ISO".  The 
■tude  and  position  of  the 
n  tlie  hole  is  10  times  15 
110  atmospheres,  the  levi 
le  pressure  will  thus  be  i 
en  the  tension  of  the  sti 
considerable,  if  the  lever 
ipe,  it  ruslies  out  with  a 
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the  air.  On  placing  the  hand  ia  this  douc 
of  heat  13  experieDced,  whereas,  on  performii 
with  steam  at  the  ordinary  pressure,  the  hi 
scalded.  This  apparently  paradoxical  result 
ance  with  the  principles  which  have  already 
once.  The  steam  formed  at  100°,  being  at  at 
serves  its  pressure  and  temperature  on  issuir 
other  hand,  the  steam  generated  in  Fapin's 
greatly  exceeding  that  of  the  atmosphere,  a 
rapidly  upon  its  exit,  and  thus  performs  wc 
external  air.  The  performance  of  this  work 
loss  of  an  equivalent  quantity  of  heat,  and 
jet  is  consequently  considerably  lowered. 

262,  Boiling-point  of  Saliso  Solations. — Vi 
matters  in  solution,  the  boiling-point  rises  as 
matter  in  the  water  increases.  Thus  with  Bt 
can  be  raised  from  100°  to  108°. 

When  the  solution  is  not  saturated,  the  b( 
but  rises  gradually  as  the  mixtui'e  becomes 
certain  stage  the  salt  begins  to  be  precipitate 
then  remains  invariable.  This  is  to  be  considt 
point  of  the  saturated  solution.  Supersaturat 
occurs,  the  temperature  gradually  rising  abo 
point  without  any  deposition  of  the  salt,  unt 
tion  begins,  and  the  thermometer  falls  severs 

The  steam  emitted  by  saline  solutions  coni 
it  is  frequently  asserted  to  have  the  same  te 
of  pure  water  boiling  under  the  same  pressor 
of  Magnus  and  others  have  shown  that  this  is 
for  example,^  found  that  when  a  solution  of  i 
boiling  at  107°,  a  thermometer  in  the  stea 
when  by  concentration  the  boiling-point  had 
mometer  in  the  steam  indicated  111-2°. 

These  and  other  observations  seem  to  ii 
emitted  by  a  saline  solution  when  boiling,  is  ii 
the  steam  of  pure  boiling  water  would  be, 
spheric  pressure,  to  the  temperature  of  the  b 
therefore  be  cooled  down  to  the  boiling-point 
undergoing  any  liquefaction.     When  cooled  i 

'  PoggeadarfTa  Annalen,  cxii.  p. 
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iratcd,  and  precisely  resembles  the  steam  of  pure  water  boiling 
er  the  same  pre8sm%  When  saturated  steam  loses  beat,  it  does 
cool,  but  undergoes  partial  liquefaction,  and  it  does  not  become 
ipletely  liquefied  till  it  has  lost  as  much  heat  as  would  have  cooled 
-e  than  a  thousand  times  its  weight  of  superheated*  steam  one 
ree  Centigrade. 

62a.  Boiling-point  of  Liqnid  Hixtores. — A  mixture  of  two  liquids 
ch  have  an  attraction  for  each  other,  and  will  dinsolve  each  other 
ly  in  all  proportions — for  example,  water  and  alcohol — has  a  boil- 
point  intermediate  between  those  of  its  constituents.  But  a 
hanical  mixture  of  two  liquids  between  which  no  solvent  action 
bs  place — for  example,  water  and  sulphide  of  carbon — has  a  boiling- 
it  lower  than  either  of  its  constituents.  If  steam  of  water  is 
ed  into  liquid  sulphide  of  carbon,  or  if  sulphide  of  carbon  vapour 
assed  into  water,  a  mixture  is  obtained  which  boils  at  42'b°  C, 
g  four  d^rees  lower  than  the  boiling-point  of  sulphide  of  carbon 
e:  This  apparent  anomaly  is  a  direct  consequence  of  the  laws  of 
)ur8  stated  in  §  244 ;  for  the  boiling-point  of  such  a  mixture  is  the 
jerature  at  which  the  sum  of  the  vapour-tensions  of  the  two 
pendent  ingredients  is  equal  to  one  atmosphere. 
13.  Inflnence  of  Dissolved  Air  upon  the  Boiling -point. — ^The 
mce  of  air  in  the  midst  of  the  liquid  mass  is  a  necessary 
ition  of  regularity  of  ebullition,  and  of  its  production  at  the 
lal  temperature;  this  is  shown  by  several  convincing  experi- 
a. 

Danny's  ExpeHment. — We  take  a  glass  tube  bent  twice,  and 
inated  at  one  of  its  extremities  by  a  series  of  bulbs.  The  first 
is  to  wash  it  carefully  with  alcohol  and  ether,  finally  leaving  in 
ne  diluted  sulphuric  acid.  These  operations  are  for  the  purpose 
moving  the  solid  particles  adhering  to  the  sides,  which  always 
Q  portions  of  air.  Water  is  then  introduced  and  boiled  long 
vh  to  expel  the  air  dissolved  in  it,  and  while  ebullition  is  pro- 
ng, the  end  of  the  apparatus  is  hermetically  sealed.  The  other 
mity  is  now  plunged  in  a  strong  solution  of  chloride  of  calcium, 
1  has  a  veiy  high  boiling-point,  and  the  tube  is  so  placed  that 
e  'water  shall  lie  in  this  extremity;  it  will  then  be  found  that 
■naperaturo  may  be  raised  to  135°  without  producing  ebullition. 

it  ia  steam  heated  kbove  the  tempenture  of  saturation.  Philoeophically  ■peaking, 
Kted  Bteam  U  merely  nonuturated  (team;  bu(  the  name  u  never  uged  except  where 
penktoie  eiceeda  the  atmoapberio  bcoliiig- point. 
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great  violence,  accompanied  by  a  peculiar  noisa 
lined  by  the  fact  that  the  rods  used  always  carry  a 
tity  of  condensed  ur  upon  their  surikoe,  and  by  meant 
he  evaporatioh  is  produced.  The  truth  of  this  explai 
*d  by  the  fact,  that  when  the  rods  have  been  used  a 
jer  of  times,  they  lose  their  power  of  provoking  ebullition 
lubt,  to  the  exhaustion  of  the  air  whicb  was  adhering 
■xs. 

Production  of  EbvllUion  by  the  formation  of  Bubbles 
£  midst  of  a  Liquid. — A  retort  is  carefully  washe 
uric  acid,  and  then  chained  with  water  slightly  acidulat 
I  the  air  has  been  expelled  by  repeated  boiling.  Th 
lunicates  with  a  manometer  and  with  an  air-pump.  T 
isted  until  a  pressure  of  only  150  millimetres  is  attainei 
ing  to  60'  as  boiling-point.  Dufour  has  shown  tha 
conditions  the  temperature  may  be  gradually  raiBe<] 
ut  producing  ebullition.  But  if,  while  things  are  in  t 
,  a  current  of  electricity  is  sent  through  the  liquid  by  n 
latinum  wires  previously  immersed  in  it,  the  hubbies  of 
ydrogen  which  are  evolved  at  the  wires  immediately 
t  ebullition,  and  a  portion  of  the  liquid  is  projected  espl 
Donny's  experiment. 

m  these  experiments  we  may  conclude  that  liquid,  w 
tact  with  gas,  has  a  difficulty  in  vtutHng  a  beginning  o1 
I,  and  may  hence  remun  in  the  liquid  state  even  at  ti 
it  which  vaporization  would  upon  the  whole  involve  : 
ial  energy. 

t  vapour  (as  well  as  air)  can  furnish  the  means  of  ovei 
ifficulty,  is  established  by  the  faet  noted  by  Profesa 
*  that  when  a  liquid  has  been  boiling  for  some  time  in  s 
itimes  ceases  to  exhibit  the  movements  characteristic  ol 
though  the  amount  of  vapour  evolved  at  the  surface, 
ny  the  amount  of  liquid  condensed  in  the  receiver,  co 
nished.  In  these  circumstances,  it  would  appear  t 
:ial  layer  of  liquid,  which  is  in  contact  with  its  own 
nly  part  that  is  free  to  vaporiza 

preceding  remarks  explain  the  reluctance  of  water  to 

essels  carefully  washed,  and  the  peculiar  formation,  i 

;tancea,  of  large  bubbles  of  steam,  causing  what  ia  call 

■  Watt^B  Dielionart/  of  Chanittry,  Mt.  "  Heat,"  p.  88. 
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ing  by  bumping.  In  tlie  case  of  sulphuric  a 
much  more  marked;  if  this  liquid  be  boiled  in 
bubbles  are  formed  at  the  sides,  which,  on 


Fig.  2S3.— An»ntai  fat  boiling  Sulphurit  Acid.  " 

by  means  of  which  the  upper  part  only  of  th 
The  ebullition  of  ether  and  alcohol  present 

probably  because  these  liquids  dissolve  the 

surface  of  the  glass,  and  thus  adhere  to  the  si 
S64.  Spheroidal  State.— This  is  the  name 

dition  wbich  is  assumed  by  liquids  when  ej 

very  hot  metals. 

If  we  take  a  smooth  plate  of  iron  or  silvf 

water  upon  it,  the  drop  will  evaporate  more 
ture  of  t 
to  a  cer 
temperat 
this  limi 
pears  to 
assumes 
about  lil 
axis,  anc 
beautiful 
in  the  fig 
dlLlon,  it 
slowly  t! 
at  a  low 

Fig.  2H.— Glghnlo  in  the  BphsroUlBl  SUtB.  latter  cil' 

and  is'ea 
ment  If  the  plate  be  allowed  to  cool,  a  m^ 
globule  of  water  flattens  out,  and  boils  rapic 
noise. 

These  phenomena  have  been  long  knowi 
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enfrost  and  Klaproth;  but  the  subject  has  recently  been  mor& 
iletely  inyestigated  by  Boutigny.  All  liquids  are  probably  capable 
suming  the  spheroidal  state.  Among  those  which  have  been 
d  are  alcohol,  ether,  liquid  sulphurous  acid,  and  liquid  nitrous 
B.  When  in  this  state  they  do  not  boil  Sometimes  bubbles  of 
Q  are  seen  to  rise  and  burst  at  the  top  of  the  globule,  but  these 
\v&ys  owing  to  some  roughness  of  the  surface,  which  prevents 
team  from  escaping  in  any  other  way;  when  the  surface  is  smooth,^ 
nbbles  are  observed. 

the  temperature  of  the  liquid  be  measured  by  means  of  a  ther- 
eter  with  a  very  small  bulb,  or  a  thermo-electric  junction,  it  i& 
^s  found  to  be  below  the  boiling-point 

5.  Freezinjr  of  Water  and  Heretury  by  means  of  the  Spheroidal 
. — ^This  latter  property  enables  us  to  obtain  some  very  striking 
■aradoxical  results.  The  boiling-point  of  liquid  sulphurous  acid 
©"C,  and  that  of  liquid  nitrous  oxide  is  about— 70° C.  If  a. 
or  platinum  crucible  be  heated  to  redness  by  a  powerful  lamp, 
lome  liquid  sulphurous  acid  be  then  poured  into  it,  this  latter 
les  the  spheroidal  state ;  and  drops  of  water  let  fall  upon  it  are 
diately  frozen.  Mercury  can  in  like  manner  be  frozen  in  a  red- 
rucible  by  employing  liquid  nitrous  oxide  in  the  spheroidal 

ise  experiments  are  due  to  Boutigny,  who  called  attention  to 
as  remarkable  exceptions  to  the  usual  tendency  of  bodies  to 
brium  of  temperature.  The  exception  is  of  the  same  kind  as 
iresented  by  a  vessel  of  water  boiling  at  a  constant  temperature 
)°  over  a  hot  fire,  the  heat  received  by  the  liquid  being  in  both 
expended  in  producing  evaporation. 

.  Tha  Hetal  not  in  Contact  with  the  Liquid. — ^The  basis  of  the 
theory  of  liquids  in  the  spheroidal  state  is  the  fact  that  the 

and  the  metal  plate  do  not  come  into  contact  This  fact  caa 
ved  by  direct  observation. 

plate  used  must  be  quite  smooth  and  accurately  levelled. 

the  plate  is  heated,  a  little  water  is  poured  upon  it,  and 
s  the  spheroidal  state.  By  means  of  a  fine  platinum  wire 
passes  into  the  globule,  the  liquid  is  kept  at  the  centre  of  the 
plate.  It  is  then  very  easy,  by  placing  a  light  behind  the 
i,  to  see  distinctly  the  space  between  the  liquid  and  the  plata 
'pearance  thus  presented  may  be  easily  thrown  on  a  screen  by 
of  tbe  electric  light 
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The  iDterruption  of  contact  can  also  be  proved  by  conne 
{through  a  galvanometer)  one  pole  of  a  battery  with  the  hot  \ 
fhile  a  wire  from  the  other  pole  is  dipped  in  the  liquid.     The 


rent  refuses  to  circulate  if  the  liquid  is  in  the  spheroidal  state,  1 
immediately  established  when,  on  cooling  the  plate,  the  liquid  \ 
to  boil 

This  separation  is  maintained  by  the  rush  of  steam  from  the  u 
Bur&ce  of  the  globule,  which  ia  also  the  cause  of  the  peculiar  i 
ments  above  described. 

In  consequence  of  the  separation,  lieat  can  only  pass  to  the  gl 
by  radiation,  and  hence  its  comparatively  low  temperature 
counted  for. 

The  absence  of  contact  between  a  liquid  and  a  metal  at  a 
temperature  may  be  shown  by  several  experiments.  If,  for  ins 
n,  ball  of  platinum  be  heated  to  bright  redness,  and  plunged  (Fig 
into  water,  the  liquid  is  seen  to  recede  on  all  sides,  leaving  an  em 
of  vapour  round  the  balL  This  latter  remains  red  for  several  Be< 
and  contact  does  not  take  place  till  its  (emperatu 
fallen  to  about  150°.  An  active  ebullition  then 
place,  and  an  abundance  of  steam  is  evolved. 

If  drops  of  melted  sugar  be  let  fall  on  water,  the 

float  for  a  short  time,  though  their  density  is  g 

than  that  of  water  (§  79),  contact  being  prevent 

their  high  temperature.     A  similar  phenomenon 

served  when  a  fragment  of  potassium  is  thrown  on 

bMB^~i^    The  water  is  decomposed ;  its  hydrogen  takes  fii 

burns  with  a  red  flame ;  its  oxygen  combines  wi 

potassium  to  form  potash;  and  the  globule  of  potash  floats  up< 

surface  without  touching  it,  owing  to  the  higli   temperature 
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I  it  is  formed.  After  a  few  seconds  the  globule  co6l8  sufficiently 
ne  into  contact  with  the  water,  and  burets  with  a  slight  noise. 
',  Distillation. — Distillation  consists  in  boiling  a  liquid  and 
nsing  the  vapour  evolved.  It  enables  us  to  separate  a  liquid 
the  solid  matter  dissolved  in  it,  and  to  effect  a  partial  sepan^ 
)F  the  more  volatile  constituent  of  a  mixture  from  the  less 
le. 

I  apparatus  employed  for  this  purpose  is  called  a  still  One  of 
mpler  forms,  suitaUe  for  distilling  water,  is  shown  in  Fig.  257- 
nnsists  of  a  retort  a,  tbe  neck  of  which  c  communicates  with  a 


abe  dd  called  the  worm,,  placed  in  tlie  vessel  e,  which  containa 
iter.  The  water  in  the  retort  is  raised  to  ebullition,  the  steam 
fi*  is  condensed  in  the  worm,  and  the  dietiUed  water  is  col- 
n  the  vessel  g. 

le  condensation  of  the  steam  proceeds,  tbe  water  of  the  cooler 
i  heated,  and  must  be  renewed ;  for  this  purpose  a  tube 
ing  to  the  bottom  of  the  cooler  is  supplied  with  a  continuous 
of  cold  water  from  above,  while  the  superfiuous  water  flows 
the  tub^  i  at  the  upper  part  of  the  cooler.  In  this  way  the 
pater,  which  rises  to  the  top,  is  continually  removed.  The 
filled  about  three-quartera  full,  and  the  water  in  it  can  from 
time  be  renewed  by  the  opening/;  but  it  is  advisable  not  to 
e  process  of  distillation  too  far,  and  to  throw  away  the  liquid 
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remaining  in  the  boiler  when  its  volume 
or  a  fifth  of  what  it  was  originally.  By 
the  riek  of  impairing  the  purity  of  the 
of  Bome  of  the  solid  matter  contained  in 

S69.  Girenmstances  which  Infloence  J 
the  case  of  a  liquid  exposed  to  the  air,  i 
ture,  the  rapidity  of  evaporation  increi 
surface,  the  dryness  of  the  air,  and  the 
air  immediately  above  the  surface. 

In  the  case  of  a  liquid  evaporated  by 
rated  in  a  given  time  is  proportional 
depends  upon  the  intensity  of  the  sou 
which  beat  passes  through  the  sides  ol 
heating  surface,  that  is  to  say,  of  suriac 
which  is  in  contact  with  the  liquid  on  o 
of  heat  on  the  other. 
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■uiy  in  the  vapour  barometer,  and  which,  by  its  weight,  produces 

jression  that  may  evidently  be  expressed  in  mercury  by  dividing 

leight  of  the  column  by  13o9. 

I  adapt  this  apparatus  to  low 

leratures,  it  is  modified  iii  the 

ving   way.       The  upper   ex- 

ity  of  the  vapour  barometer 

is  drawn  out  and  connected 
a  small  copper  tube  of  three 
;iies,  one  of  which  communi- 

witb  an  air-pump,  and  an- 

witb  a  glass  globe  of  the 
ity  of  about  50U  cubic  centi- 
s      In   the   interior  of  tills 

is  a  small  bulb  of  thin  glass 
ining  water,  from  which  all 
r  has  been  expelled  by  boil- 
The  globe  is  several  times 
sted  of  air,  and  after  each  ex- 
lOn  is  refilled  with  air  which 
een  passed  over  desiccating 
incesu  After  the  last  exhaus- 
the  tube  which  establishes 
unication  with  the  air-pump 
metically  sealed,  the  box  is 
with  ice,  and  the  tension  at 
F  the  dry  air  left  behind  in 
jbe  by  the  air-pump  is  mea-     rig.soo— ModifledFonnotDiiiou'iApDmuii. 

it  is  of  course  exceedingly 

Heat  is  then  applied  to  the  globe,  the  little  bulb  bursts,  and 
i^be,  together  with  the  space  above  the  mercury,  is  filled  with 
This  form  of  apparatus  can  also  be  employed  to  measure 
IS  at  temperatures  up  to  50°,  the  only  difference  being  that  the 
i^pliiced  by  water  at  difl'erent  temperatures,  allowance  being 
in  each  case,  for  the  elastic  force  of  the  unexhausted  air. 
be  case  of  temperatures  below  zero,  the  box  is  no  longer 
;<1,  and  the  globe  alone  is  placed  in  a  vessel  containing  a  freez- 
sture.  The  barometric  tubes  are  surrounded  by  the  air  of  the 
ent, 
lis  case  the  space  occupied  by  the  vapour  is  at  two  different 
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temperatures  in  different  parts,  but  i 
■can  exist  only  when  the  tension  is  th 
tension  of  the  vapour  in  the  globe  cai 
tension  for  the  actual  temperature ;  thi 
throughout  the  entire  space,  and  is  C> 
spends  to  the  difference  of  level  obsen 

In  reality  what  happens  is  a^  folio 
the  globe  causes  some  of  the  vapoui 
consequently  destroyed,  a  fresh  quantit 
the  globe,  and  is  there  condensed,  ai 
everywhere  the  same  as  the  maximui 
ture  of  the  globe.  This  condensation 
the  space  was  utilized  by  Watt  in  the 
^ple  of  the  eomlenser. 

Before  Regnault,  Gay-Lussac  had  a 
account  in  a  similar  manner  for  the 
turea. 

By  using  chloride  of  calcium  mixei 
quantities  of  enow  or  ice,  the  tempera 
-32''C.  (-25  6°  F.),  and  it  can  be  showi 
of  water  is  quite  appreciable  even  at  t 

273.  Measurement  of  Haximom  Tensi 
— In  investigating  the  tension  of  the  v: 
a,bove  50°,  Begnault  made  use  of  the  f 
of  steam  at  the  boiling-point  is  equal  I 

His  apparatus  consists  (Fig.  261) 
■water  which  cau  be  raised  to  differe 
very  delicate  thennometera  The  vap 
tube  inclined  upwards,  which  is  kept 
water ;  in  this  way  the  experiment  ca 
of  time,  as  the  vapour  formed  by  ebul) 
ajid  flows  back  into  the  boiler.  The  i 
A  large  reservoir,  in  which  the  air  a 
pressed  at  wUL  This  reservoir  is  in 
meter.  The  apparatus  shown  in  the 
pressures  not  exceeding  5  atmosphei 
■extending  to  28  atmospheres,  can  be  a 
dimensions  of  the  apparatus  without 
The  manometer  employed  ia  this  casi 
testing  Boyle's  law,  consisting  of  a  Ion 
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SO"  .    .    . 

.    .     .    31-65 

85  .    .    . 

.    .    .    41-82 

W  .    .    . 

.    .     .    64-81 

45   .    .    . 

.    .    .     71-39 

60  .    .    . 

.    .    .    »l-98 

5S  .    .     . 

.     .    .  117'47 

60   .     .    . 

.     .    .  148'70 

85   .    .     . 

.    .    .  186-84 

T«..I<m.l 

21    .     .     . 

.     .    .      2035 

34   .    .     . 

.    .    .      8'008 

274.  CnrveB  of  Vapoui-tesBion. — The  com 
with  their  correBponding  temperatures  affoi 
relatioQ  between  them  which  might  be  taki 
the  phenomena.  It  would  appear  that 
maximum  tensions  is  incapable  of  being 
expression — -judging  at  least  from  the  faili 
made.  An  attentive  examination  of  the  a1 
to  assert  only  that  the  maximum  tension 
the  i 
tween 


sent 
peratures.     Such  a  curve  is  exhibited  in  Fi 
tional  to  the  temperatures,  reckoned  from 
base-line  (called  the  line  of  abscisaee),  and  p 
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eztremitiea,  the  lengths  of  these  perpendi- 
iional  to  the  vapour-tensions.     The  scalefl 

of  lengths  are  of  course  quite  independent 
ioD  being  merely  a  question  of  convenience, 
led  by  joining  the  extremities  of  the  per- 
X)  avoid  sudden  changes  of  direction;  and 
By  to  the  mind  an  idea  of  the  amounts  of 
r  rates  of  variation  at  different  tempera^ 
the  readiest  means  of  determining  the 
teratures    intermediate   between   those   of 

the  carve  becomes  steeper  as  the  tempera- 
that  the  tension  increases  faster  than  the 

, — Though  all  attempts  at  finding  a  rational 
>n  in  terms  of  temperature  have  hitherto 
3  empirical  formulae  which  yield  tolerably 
I  limited  range  of  temperature;  and  by 
constants  in  such  a  formula  by  successive 
o  represent  in  succession  the  different  por- 
escribed. 

)proximate  formulae'  is  that  of  Culong  and 
tten— 

tension  m  atmoBplieres,  corresponding  to 
^rade,  or  F°  Fahrenheit  This  formula  is 
C,  and  gives  increasing  errors  as  the  tem- 
^rom  this  centre,  the  errors  amounting  to 
«mperatures  80°  C  and  225°  C.  Hence  it 
le  limits  the  maximum  tension  of  aqueous 
inal  to  the  fifth  power  of  the  excess  of  the 

)nrs  of  Different  Liquids. — Dalton  held  that 
quids  have  equal  tensions  at  temperatures 
ir  boiling-points.  Thus  the  boiling-point 
tension  of  alcohol  vapour  at  70°  should  be 
r  of  water  at  92°.  If  this  law  were  correct, 
oimula.  Me  Stmkinc  on  SUmri-cngint,  p.  237. 
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it  would  only  be  necessary  to  know  th< 
order  to  estimate  the  tension  of  its  vap 
but  subsequent  experiment  has  showa 
rigorously  exact,  though  it  is  approxin 
diflering  by  only  a  few  degrees  from  t 
Begnault  has  performed  numerous 
tensions  of  some  of  the  more  volati 
purpose  the  same  form  of  apparatus 
mining  the  tensions  of  aqueous  vapou 
his  results: — 


TlPODB  0 

Ali 

-ao°   .    . 

0     .    . 

+  10      .     . 

Ttniloni  in 
KUIliueln*. 
.     .    .    .      3-24 
.    .    .    .    1270 
.    .    .    .    2423 

T. 

Vapoot  o»  Bi 

-20°    .    . 

0      .     . 

+  10      .     . 

.    .     .    .     68'00           1 

.    .     .    .  UiS9 

.    .    .     .  28e-83           1 

ViPOBB  Of  Sdlfhidi 

-20'     .    . 
+  10      .     . 

.    .    .    .    47-30 
.    .     .     .  127-81 
.    .     .     .  19S-4S 

S77.  ExpTeuios  of  Vaponr-tension 
maximum  tension  of  a  given  vapour  a 
its  very  nature,  independent  of  geog 
therefore,  properly  speaking,  be  denote< 
at  all  places.  This  numerical  uniform: 
be  expressed,  as  in  the  preceding  sect! 
a  column  of  mercury  which  balances 
adapt  Begnault's  determinations  to  Lc 
by  the  fraction  -Jiffi  Juasmuch  as  345) 
the  same  pressure  at  London  as  3457  a 
determinations  of  pressure  made  at  a  f 
must  multiply  them  by  the  fraction 

gravity  rt  A 
gravity  at  E 

If  the  length  of  mercurial  column  at 
tension  at  a  given  place  be  multipliec 
intensity  of  gravity)  at  that  place,  tb 
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absolute  value  of  the  vapour-tension ;  for  the  products  thus  obtained 
will  be  the  same  at  all  localities.  This  is  the  proper  mode  of  treat- 
ing determinations  of  vapour-tension  made  at  various  localities  when 
it  is  desired  to  establish  a  rigorous  comparison  between  them. 

278«  Laws  of  Combination  by  Volume. — It  was  discovered  by  Qay- 
Lossac^  that  when  two  or  more  gaseous  elements  at  the  same  tem- 
perature and  pressure  enter  into  chemical  combination  with  each 
other,  the  two  following  laws  apply: — 

1.  The  volumes  of  the  components  bear  a  veiy  simple  ratio  to  each 
other,  such  as  2  to  3,  1  to  2,  or  1  to  1. 

2.  The  volume  of  the  compound  has  a  simple  ratio  to  the  sum  of 
the  volumes  of  tUe  components. 

Ammonia,  for  example,  is  formed  by  nitrogen  and  hydrogen  unit- 
ing in  the  proportion  of  one  volume  of  the  former  to  three  of  the 
latter,  and  the  volume  of  the  ammonia,  if  reduced  to  the  same  pres- 
sure as  each  of  its  constituents,  is  just  half  the  sum  of  their  volumes. 
Farther  investigation  has  led  to  the  conclusion  (which  is  now  gene- 
rally received,  though  hampered  by  some  apparent  exceptions),  that 
these  laws  apply  to  all  cases  of  chemical  combination,  the  volumes 
compared  being  those  which  would  be  occupied  respectively  by  the 
combining  elements  and  the  compound  which  they  form,  when 
reduced  to  the  state  of  vapour,  at  such  a  temperature  and  pressure 
as  to  be  very  &r  removed  from  liquefaction,  and  consequently  to 
possess  the  properties  of  what  we  are  accustomed  to  call  permanent 


It  is  obvious  that  if  all  gases  and  vapours  were  equally  expansible 
by  beat,  the  volume-ratios  referred  to  in  this  law  would  be  the  same 
at  all  temperatures ;  and  that,  in  like  manner,  if  they  were  all  equally 
compressible  (whether  obeying  Boyle's  law,  or  departing  equally 
from  it  at  equal  pressures),  the  volume-ratios  would  be  independent 
cf  the  {»«3sure  at  which  the  comparison  was  mada 

In  reality  great  differences  exist  between  different  vapours  in  both 
respecta^  and  these  inequalities  are  greater  as  the  vapours  are  nearer 
to  saturation.  It  is  accordingly  found  that  the  above  laws  of  volume- 
ratio  often  fail  to  apply  to  vapours  when  under  atmospheric  pressure 
a^d  within  a  few  degrees  of  their  boiling-points,  and  that,  in  such 
cases*  a  much  nearer  fuIGlment  of  the  law  is  obtained  by  employing 
''ery  high  temperatures,  or  operating  in  inclosures  at  very  low  pres- 


278  a.  Belation  of  Vapour-densities  to  Chemical  Equivalents.— Chem- 
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ists  have  detennined  with  great  accurac 
by  weight  of  moat  of  the  elemeots.  H' 
be  readily  tested  for  bodies  which  usuall 
form,  if  we  are  able  to  compare  the  dej 
&ct,  iftwo  such  elements  combioe  in  the: 
we  have 


Hj  V,  (2^  dj  denoting  the  volumes  and 
weights  w,  iCj  of  the  two  substances. 
Hence  we  have  the  equation — 


which  gives  the  required  volume-ratio  o 
their  densities  be  known. 

The  densities  themselves  will  differ  e 
pressure  and  temperature  at  which  the; 
will  only  vary  by  comparatively  small  ai 
at  all  if  they  were  equally  expansible 
pressible.  Hence  comparison  will  be  f 
ratios  of  the  densities  to  that  of  some  stt 
the  same  conditions  of  pi-cssure  and  tt 
absolute  densities.  This  is  accordingly  i 
pursued,  so  generally  indeed,  that  by  tl 
stance  is  commonly  understood  the  relai 
this  ratio. 

The  process  most  frequently  employ 
this  element  is  that  invented  by  Dumoa, 

379.  Dumas'  Hethod. — The  apparatus 
containing  the  substance  which  is  to  be 

The  globe  is  placed  in  a  vessel  C,  co; 
can  be  raised  to  a  suitable  temperatu 
operated  on  is  one  which  can  be  vaporis 
sists  simply  of  boiling  water.  Whe 
required,  a  saline  solution,  oil,  or  a  fusib 
cases,  tlie  liquid  should  be  agitated,  that 
same  in  all  parts.  This  temperature  i 
meter  /. 

When  the  substance  in  the  globe  hai 
evaporation  proceeds  rapidly,  and  the  n 
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the  globe.  The  volume  occupied  by  the  vapoui 
stances  was  V(1+KT).  The  density  of  the  ■ 
bo  obtained  by  dividing  A  by  the  weight  of  thii 
Bauie  temperature  and  pressure.     But  this  weig 


l_     H 
hoT'  7ft 


A'".V(1  +  KT). 1-208 
hence,  finally,  the  required  relative  density  is 
+  T(l+Ki).lM3.-J 


D=* 


V(l  +  KT).l-2; 


1+aT    ■ 

The  correctaess  of  this  formula  depends  upon 
DO  lur  is  lelt  in  the  globe.  In  order  to  make  . 
tion  is  fulfilled,  the  point  p  of  the  neck  of  thi 
under  mercury;  the  liquid  then  rushes  in,  an 
condensed  vapour,  fills  the  globe  completely,  iJ 
behind. 

This  last  operation  also  afibrds  a  means  of  calci 
for  we  have  only  to  weigh  the  mercury  contain 
measure  it  in  a  graduated  tube,  in  order  to  m 
the  actual  temperature,  whence  the  volume  a 
deduced. 

381.  Xzampta. — In  order  better  to  illustrate 
take  the  following  numerical  results  obtained  i 
the  vapour-density  of  sulphide  of  carbon : — 

Excess  of  weight  of  vapour  above  weight  of  air 
temperature  of  the  vapour  T=59°;  external  pre 
metres ;  volume  of  the  globe  at  a  temperature  o 
metres;  temperature  of  tiie  dry  aJr  which  filled 
of  weighing,  (=15°;  pressure  A=765;  K=  5™ 
The  volume  V  of  tlie  globe  at  zero  is 


1+— - 

3(1700 
The  weight  of  the  air  contained  in  the  globe  is 

-■""'""'■('*  iia)  ■»  12, '.M»..-il 

Weight  of  the  vapour, 

-23058  +  W  -  Wi^  'GS6£8  gnmina 
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The  weight  of  the  oame  volume  of  air  at  the  same  temperature  and 

pressure  is 

•18994x1-298  (l  +  -^\  . J^^^    ,^  .  2^?!?= -20019  grMnmo. 

\        88700/     1  +  *00866x59      760  * 

The  density  is  therefore 

Deville  and  Troost  have  effected  several  improvements  in  the  appli- 
cation of  Dumas'  method  to  vapours  at  high  temperatures.     These 
temperatures  are  obtained  by  boiling  various  substances,  such  as 
chloride  of  zinc,  cadmium,  which  boils  at  860°  C,  or  zinc,  which  boils 
At  1040°C.     For  temperatures  above  800°,  the  glass  globe  is  replaced 
by  a  globe  of  porcelain,  which  is  hermetically  sealed  with  the  oxyhy- 
drogen  blowpipa     The  globe  itself  serves  as  a  pyrometer  to  deter- 
mine the  temperature ;  and  since  the  weight  of  air  becomes  very 
inconsiderable  at  high  temperatures,  some  heavier  vapour,  such  as 
that  of  iodine,  is  substituted  in  its  place.     If  we  suppose,  as  we  may 
fairly  do,  that  at  these  high  temperatures  the  coefficient  of  expansion 
of  the  vapour  of  iodine  is  the  same  as  that  of  air,  the  temperature 
may  easily  be  deduced  from  the  weight  of  iodine  contained  in  the 
globe.     We  subjoin  a  table  of  some  relative  densities  of  vapours 
obtained  by  this  method: — 


Wmter, 0622 

Alcohol, 1*6138 

^iher, 2*586 

Spirit  of  turpentine,    .     .  A'0180 

Iodine,       8716 

8ii2phar, 2*23 


Phosphoroi, 4*5 

Cadmium, 8*94 

Chloride  of  aluminium, .     .     9 '341 
Bromide  of  aluminium,       .  18*62 
Chloride  of  Eiroonium,  .     .     8*1 
Sesquichloride  of  iron,    .     .11*89 


282.  Idmiting  Values  of  Belative  Densities. — In  investigating  the 
relative  density  of  acetic  acid  vapour,  Cahours  found  that  it  went 
on  decreasing  as  the  temperature  increased,  up  to  a  certain  point, 
after  ^vhich  no  further  change  was  observable.     A  similar  circum- 
stance is    observed  in  the  case  of  all  substances,  only  in  different 
degrees.      The  vapour  of  sulphur,  for  instance,  has  a  relative  density 
of  665   at   500*  C,  while  at  about  1000*  C.  it  is  only  2  23.     This 
indicates  that  the  vapours  in  question  are  more  expansible  by  heat 
than  air  until  the  limiting  temperatures  are  attained.    Indeed  it  may 
be  laid  do^wn  as  a  general  principle,  that  the  nearer  a  vapour  is  to 
saturation  the  greater  is  the  change  produced  in  its  absolute  density 
by  a  given  change  whether  of  temperature  or  pressure.     The  limiting 
density-ratio  is  always  that  which  it  is  most  important  to  determine. 
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and  we  should  consequently  take  care  tbat  t1 

vapour  is  sufficiently  high  to  enable  us  to  obta 

283.  Oay-Lussao'B  Hetbod. — Qay-Lussac  deti 

the  vapour  of  water  and  of  sorae  other  liquid 

more  complicated  than  that  described  above 

reason  has  not  been  generally  adopted  in  the  la 

to  describe  it,  however,  on  account  both  of  its 

of  the  importance  of  the  question  which  it  has 

A  graduated  tube  divided  into  cubic  ceiitim< 

with  mercury,  and  inverted  in  a  cast-iron  vessi 

liquid.     The  inverted  tube  is  surrounded  by 

taining  water,  as  in  Dalton's  apparatus.     A  sir 

ing  a  given  weight  w  (expressed  tn  grammes 

passed  into  the  tube,  and  rises  to  the  surface 

temperature  of  t 

raised  by  means  o 

bursts,  and  the  wi 

is  converted  into 

tity  of  water  be 

converted  into  v 

to  be  the  case  wh 

ofaboutlOO'.the 

in  the  tube  thai 

there  were  any 

the  space  would 

tension  of  the  va] 

the  external  pre 

nt-  tM.-Giv-Luaw^*  AppintK         meut  accordingly 

known  volume  ol 

This  volume,  which  may  at  once  be  read  upon 

equal  to  V  (1  +  KT),  V  being  the  number  of 

the  vapour.     The  temperature  T  is  marked  1 

mersed  in  the  water  contained  in  the  envelop* 

vapour  is  evidently  equal  to  the  external  press 

of  the  mercury  in  the  tube. 

In  order  to  find  the  relative  density,  we  r 
weight  of  a  volume  V  (1  4-K:T)  of  air  at  the  tei 
sure  H— A,  giving 


V  (l+KT)  x-001293> 


lT?P'    7< 
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The  relative  density  of  the  vapour  of  water,  as  thus  determined  by 
Gay-Lussac,  is  about  $,  or  '625.  Several  recent  investigations  have 
given  as  mean  result  '622,  which  agrees  with  the  theoretical  density 
deduced  from  the  composition  of  water.^ 

284.  Volnme  of  Vapour  formed  by  a  given  Weight  of  Water. — When 
the  density  of  the  vapour  of  water  is  known,  the  increase  of  volume 
which  occurs  when  a  given  quantity  of  water  passes  into  the  state 
of  vapour  may  easily  be  calculated.  Suppose,  for  instance,  that  we 
wish  to  find  the  volume  which  a  cubic  centimetre  of  water  at  4^  will 
occupy  in  the  state  of  vapour  at  lOO''.  At  this  temperature  the 
tension  of  the  vapour  is  equal  to  one  atmosphere,  and  its  weight  is 
equal  to  '622  times  the  weight  of  the  same  volume  of  air  at  the  same 
temperature  and  pressure.  If  then  Y  be  the  volume  in  litres,  we 
have  Cm  grammes) 


whence 


V  X 1-293  X  r— Ltt  ^  •«22=1, 
l  +  lOOo  ' 


V=  J^ +^i^«_  =  J:??!  =1-698  Ut.=1698  cubic  centimetres. 
1*293  X -622     -804246 


Hence  we  see  that  water  at  4''  gives  about  1700  times  its  volume  of 

vapour  at  1 00**  C. 

The  latent  heat  of  evaporation  is  doubtless  connected  with  this 
hcrease  of  volume;  and  it  may  be  remarked  that  both  these  elements 
appear  to  be  greater  for  water  than  for  any  other  substance. 

^  Water  is  composed  of  2  Tolumes  of  hydrogen,  and  1  volume  of  oxygen,  forming  2 
volumes  o£  vapour  of  water.  The  sum  of  the  density  of  oxygen  and  twioe  the  density  of 
hydrogen  is  1-214,  and  the  half  of  this  is  exactly  *622.— A 


\ 


LO 
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285.  Homidi^.— The  condition  of  the  k 
involves  two  distinct  elemetite:  (1)  the  atm 
in  the  air,  and  (2)  the  ratio  of  this  to  the 
saturate  the  air  at  the  actual  temperature.  ] 
these  elements  that  our  sensations  of  drynei 
depend,  and  it  is  this  element  which  meteoi 
denote  by  the  term  humidity;  or,  as  it  is  so 
humidity.  It  is  usually  expressed  as  a  perc 
the  weight  of  vapour  present  is  seven-tenti 
saturation,  the  humidity  is  said  to  be  70. 

The  words  humid  and  moiat,  as  applied 
guage,  nearly  correspond  to  this  technical  use 
and  air  is  usually  said  to  be  dry  when  its  ht 
below  the  average.  In  treatises  on  phys 
denotes  air  whose  humidity  is  zera 

The  air  in  a  room  heated  by  a  hot  stove  ci 
weight  for  weight  as  the  open  air  outside;  bu 
capacity  for  vapour  is  greater.  In  like  mat 
noon  than  at  midnight,  though  the  amount  of 
the  same;  and  it  is  for  the  most  part  drier  in  i 
though  the  amount  of  vapour  present  is  muc) 

Bearing  in  mind  that  a  cubic  foot  of  air  is  i 
amount  of  vapour  as  a  cubic  foot  of  empty  sj 
humidity  of  the  air  as  the  weight  of  aqueo 
volume  of  air,  expressed  as  a  percentage  oj 
at  saturation  which  would  occupy  the  sami 
temperature. 

Also,  since  aqueous  vapour  nearly  fulfils  Be 
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of  the  air  may  be  obtained  by  companDg  the  tension  of  the  vapour 
present  in  the  air  with  the  maximum  tension  for  the  actual  tempera- 
ture. 

266.  Dew-point. — ^When  air  containing  aqueous  vapour  is  gradually 
cooled  at  constant  pressure,  its  density  increases,  and  the  rate  of 
increase  is  sensibly  the  same  for  the  vapour  as  for  the  dry  air  with 
which  it  is  mixed  (inasmuch  as  vapours  not  in  contact  with  their 
liquids  nearly  fulfil  Gay-Lussac  s  law),  until  a  point  is  reached  at 
which  the  density  of  the  vapour  becomes  equal  to  the  maximum 
density  corresponding  to  the  temperatura    This  temperature  is  called 
the  dew-point  of  the  given  mass,  and  any  further  reduction  of  tem- 
perature will  be  accompanied  by  the  condensation  of  a  portion  of  the 
vapour,  which  will  take  the  form  of  dew,  rain,  snow,  or  hoar-frost, 
according  to  circumstancea     If  the  cooling  is  produced  by  the  low 
temperature  of  the  sides  of  the  containing  vessel,  the  deposit  will  be 
dew  or  hoar-frost,  according  as  the  temperature  of  the  sides  is  above 
or  below  the  freezing-point      If  the   cooling  takes  place  in  the 
interior  of  the  mass  of  air,  the  deposit  will  be  rain  or  snow,  accord- 
ing as  the  temperature  of  deposition  is  above  or  below  the  freezing- 
point. 

In  the  operation  of  cooling  down  to  the  dew-point,  the  density  of 
the  vapour,  as  we  have  seen,  increasea  Let  t  denote  the  initial 
temperature,  and  T  the  dew-point,  and  let  d  and  D  be  the  densities 
of  the  vapour  at  these  temperatures.  Then  we  have,  by  Gay-Lussac's 
law, 

l  +  aT 

But  the  tension  of  the  vapour  is  not  sensibly  chxinged  by  the  opera- 
tion, since  the  whole  pressure  is  by  hypothesis  preserved  constant^ 
and  the  changes  of  temperature  and  volume  affect  the  dry  and  the 
vaporous  constituent  nearly  alike. 

If  the  reduction  of  temperature  from  ^  to  T  took  place  at  constant 
volume  (in  a  closed  receiver,  for  example),  we  should  then  have 

p  and  P  denoting  the  vapour-tensions  at  the  temperatures  t  and  T ; 
and  tbe  density  would  remain  constant,  since  no  vapour  enters  or 
escapes.      In  this  case  the  vapour  would  not  begin  to  be  condensed 
till  a  somewhat  lower  temperature  had  been  attained 
287.  Hygroaoopea — Anything  which  serves  to  give  rough  indica- 
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tioDS  of  the  state  of  the  air  as  regards  m< 
hygroBcope  {vypoQ,  moist).  Many  substance: 
are  composed  of  organic  tiwiue,  have  the  pp 
moisture  of  the  surrounding  air,  until  the; 
equilibrium,  such  that  their  affinity  for  th 
exactly  equal  to  the  force  with  which  the  Is 
Hence  it  follows  that,  according  to  the  dan 
air,  such  a  substance  will  absorb  or  give  up 
processes  is  always  attended  with  a  variation 
body.  The  nature  of  this  variation  depends 
ture  of  the  substance;  thus,  for  instance,  bo 
.exhibit  a  greater  increase  In  the  direction  ( 
their  length.  Membranous  bodies,  on  the  ot 
or  parchment,  formed  by  an  interlacing  of 
expand  or  contract  almost  as  if  they  were 
composed  of  twisted  fibres,  as  ropes  and  s 
action  of  moisture,  grow  shorter,  and  are  moi 
opposite  is  the  case  with  catgut,  which  is  oil 
hygroscopea 

888.  Hy^romsterB.— Instruments  intendeti 
measurements  of  the  state  of  the  air  aa  reg. 
hygrometerB.     They  may  be  divided  into  foi 

1,  Hygrometers  of  absorption,  which  sb 
hygroscopes, 

2.  Hygrometers  of  coi 
instruments. 

3.  Hygrometers  of  e\ 
dry  bulb  thermometers. 

4.  Chemical  hygromet 
ing  the  weight  of  vapou 


289.  De  Sansanre'B  1 
hygrometer  of  absorptioi 
consisting  of  a  hair  depri 
its  contractions  moves  a  n 
the  hair  relaxes,  the  nee< 
the  opposite  direction  by 
to  keep  the  hair  always  < 
contracts  as  the  humidity  increases,  but  no 
and  Kegnault's  investigations  have  shown 
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minute  precantiona  are  adopted  id  the  construction  and  graduation 
of  each  individnal  instrument,  this  hygrometer  will  not  furnish 
definite  numerical  measures. 

Kg.  267  represents  Mon- 
nier'B  modification  of  De  Sau9- 
sure's  hygrometer,  in  which 
tie  hair,  after  passing  over 
fopr  pulleys,  ia  attached  to  a 
light  spring,  which  serves  ini- 
stead  of  a  weight,  and  gives 
the  advantage  of  .  portabi- 
lity. 

These  instruments  are  never 
employed  for  scientific  pur- 
poses in  this  country. 
S80.  Dew-point  Hygrometera. 
— These  are  instrumenta  for 
the  direct  observation  of  the 

dew-point,  by  causing  moist-  n»  m.-M<miMt  Hjpoh^ 

ure  to  be  condensed  from  the 

air  upon  the  surface  of  a  body  artificially  cooled  to  a  known  tempera- 
ture. 

The  dew-point,  which  is  itself  an  important  element,  gives  di- 
rectly, as  we  have  seen  in  §  286,  the  tension  of  vapour;  and  if  the 
temperature  of  the  air  is  at  the  same  time  observed,  the  tension 
requisite  for  saturation  is  known.  The  ratio  of  the  former  to  the 
latter  determines  the  humidity. 

The  principle  of  these  instruments  may  be  illustrated  by  a  descrip- 
tion of  their  simplest  type,  the  hygrometer  of  Leroy,  a  French 
philosopher  of  the  last  century. 

391.  Leroy's  Hygrometer. — The  instrument  con- 
sists of  a  tin  vessel  containing  water,  in  which  a 
thermometer  is  immersed     The  temperature  of 


the  water  and   containing  vessel   is  gradually         |^ — 1 — ^ 

lowered  by  the  introduction  of  ice,  and  when  it    —  ' 

baa  fallen  below  the  dew-point  of  the  adjacent       ,      .'^S  ^**-  ^ 
air,  a  portion  of  the  vapour  will  be  condensed'aa 
dew  upon  the  exterior  of  the  vesseL     This  is  at  once  recognized  by 
the  metallic  surface  losing  its  brilliancy. 

We  may  observe  that  the  deposition  of  dew  does  not  begin  till  the 
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point  of  saturation  has  been  paased,  and 
thermometer  is  consequently  somewhat  to( 
empirical  correction  of  lialf  a  degree.  ''. 
defects  in  the  instrument ;  the  use  of  ice 
and  regular  diminution  of  temperature;  an< 
able  to  place  an  open  vessel  containing  wai 
the  humidity  of  the  air  is  to  be  determinei 
293.  Daniell's  Hygrometer. — Daniell's  hy 
of  much  greater  precision,  and  has  been  ' 
consists  of  a  bent  tube  with  a  globe  at  eac 
with  ether.  The  rest  of  the  space  is  occu) 
the  air  having  beei 
globes  A  contains  a  t 
is  generally  made  of  1 
a  brilliant  surface, 
instrument  is  aa  foil 
liquid  is  first  passed  i 
the  other  globe  B,  wh 
is  moistened  external 
ration  of  this  ether 
partial  condensation 
interior  of  the  globe 
evaporation  from  the 
thus  lowering  the  temperature  of  that  pa 
carefully  watching  the  surface  of  the  gl 
the  deposition  of  dew  may  be  ascertained, 
read  on  the  inclosed  thermometer.  This  te 
than  the  dew-point. 

If  the  instrument  he  now  left  to  itself, 
disappearance  of  the  dew  may  be  observe 
indicated  temperature  a  little  above  the 
plan  is  to  take  the  mean  between  this  i 
observed.  The  temperature  of  the  surroi 
thermometer  t  attached  to  the  stand. 

Daniell's  hygrometer,  though  capable  ( 
dicationa,  has  some  defects,  which  have  beei 
ments  effected  by  Regnault. 

293.  Begnanlt's  Hygrometer. — Regnault' 
270)  of  a  glass  tube  closed  at  the  bottom  b 
The  opening  at  the  upper  end  is  closed 
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passes  the  stem  of  a  thermometei'  T,  and  a  glass  tube  t  open  at  both 
ends.  The  lower  end  of  the  tube  and  the  bulb  of  the  thermometer 
dip  into  ether  contained  in  the  silver  cap,  A  side  tube  establishes 
conununication  between  this  part  of  the  apparatus  and  a  vertical 
tabe  UV,  which  is  itself  connected  with  an  aspirator^  A,  placed  at  a 


convenieDt  distance.  By  allowing  tlie  water  in  the  aspirator  to 
escape,  a  current  of  air  is  produced  through  the  ether,  which  has  tlie 
effect  of  keeping  the  liquid  in  agitation,  and  thus  producing  uniform- 
ity of  temperature  throughout  the  whole.  It  also  tends  to  hasten 
«vaporatiou ;  and  the  cold  thus  produced  speedily  causes  a  deposition 
of  dew,  which  is  observed  from  a  distance  with  a  telescope,  thus 
obviating  the  risk  of  vitiating  the  observation  by  the  too  close 
proximity  of  the  observer.  The  observation  is  facilitated  by  the 
contrast  offered  by  the  appearance  of  the  second  cap,  which  has  no 
-conunnnication  with  the  first,  and  contains  a  thermometer  for  giving 
the  temperature  of  the  external  air.  By  regulating  the  Sow  of  liquid 
from  the  aspirator,  the  temperature  of  the  ether  can  be  very  nicely 
controlled,  and  the  dew  can  be  made  to  appear  and  disappear  at 
temperatures  nearly  identical.  The  mean  of  the  tv/o  will  then  very 
accurately  represent  the  dew-point 

The  liquid  employed  in  Kegnault's  hygrometer  need  not  be  ether. 

'  ,*"  aapir&tor  is  a  vend  into  whicli  tit  is  nicked  tX  the  top  to  supply  the  place  of  w&ter 
whicb  ifl  aUofred  to  escapo  at  the  bottom;  or,  moro  ^nerally,  it  is  any  apparatua  for  sucking 
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Alcohol,  amuch  less  volatJIe  liquid,  will  si 
advantage ;  for,  since  the  boiliDg-point  of 
not  easy  to  preserve  it  in  hot  climates. 

394.  Wet  and  Dry  Bulb  Hygrometer.— 

also  called  Mason's  hygrometer,  and  is  1 

August's  psychrometer,  consists  (Fig.  27 

thermometers,  mounted  at  a  short  distant 

of  one  of  them  1 

which  is  kept  n 

wick  leading  fri 

evaporation   wh 

moistened   bulb 

tempferature,  so  1 

lower  than  the  < 

increases  with  tl 

instrument  must 

that  the  air  can  i 

the  wet  bulb;  ai 

water  should  be 

some  inches  to  t 

vessel  must  be 

supply  of  watei 

thoroughly  moie 

cause  a  drop  to 

bulb.   Unless  the 

the  depression  t 

w.i  «d  D^'iTe^o™.™^       sufficiently  great 

In  trosty  weal 

and  the  bulb  must  be  dipped  in  water  i 

observation,  so  that  all  the  water  on  the 

little  time  allowed  for  evaporation  from  i 

taken. 

The  great  facility  of  observation  affori 
brought  it  into  general  use,  to  the  practit 
of  hygrometer.  As  tlie  theoretical  relati 
of  its  two  thermometers  and  the  humidii 
of  the  air  is  rather  complex,  and  can  sc 
with  certainty,  it  is  usual,  at  least  in 
reduction  by  means  of  tables  which  have  I 
by  compaiison  with  the  indications  of  a  d 
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tables  universally  employed  by  BritiBh  observers  were  constructed 
,  by  Mr.  Glaisher,  and  are  based  upon  a  comparison  of  the  simultaneous 
readings  of  the  wet  and  dry  bulb  thermometers  and  of  Daniell's 
hygrometer  taken  for  a  long  series  of  years  at  Greenwich  observatory, 
combined  with  some  similar  observations  taken  in  India  and  at 
Toronto.^ 

According  to  these  tables,  the  difference  between  the  dew-point 
and  the  wet-bulb  reading  bears  a  constant  ratio  to  the  difference 
between  the  two  thermometers,  when  the  temperature  of  the  dry- 
bulb  thermometer  is  given.  When  this  temperature  is  53**  F.,  the 
dew-point  is  as  much  below  the  wet-bulb  as  the  wet-bulb  is  below 
the  temperature  of  the  air.  At  higher  tempemtures  the  wet-bulb 
i^ading  is  nearer  to  the  dew-point  than  to  the  air-temperature,  and 
the  reverse  is  the  case  at  temperatures  below  53**. 

In  order  to  obtain  a  clue  to  the  construction  of  a  rational  formula 
for  deducing  the  dew-point  from  the  indications  of  this  instrument, 
we  shall  assume  that  the  wet-bulb  is  so  placed  that  its  temperature 
is  not  sensibly  affected  by  radiation  from  surrounding  objects,  and 
hence  that  the  heat  which  becomes  latent  by  the  evaporation  from 
its  surface  is  all  supplied  by  the  surrounding  air.     When  the  tem- 
perature of  the  wet-bulb  is  falling,  heat  is  being  consumed  by  eva- 
/)oration  faster  than  it  is  supplied  by  the  air ;  and  the  reverse  is  the 
case  when  it  is  rising.     It  will  suffice  to  consider  the  case  when  it  is 
^tioDary,  and  when,  consequently,  the  heat  consumed  by  evapo- 
ration in  a  given  time  is  exactly  equal  to  that  supplied  by  the 
air. 

Let  t  denote  the  temperature  of  the  air,  which  is  indicated  by  the 
dry-bulb  thermometer;  if  the  temperature  of  the  wet-bulb;  T  the 
temperature  of  the  dew-point,  and  let/,/,  F  be  the  vapour-tensions 
corresponding  to  saturation  at  these  three  temperaturea  Then,  as 
shown  in  §  286,  the  tension  of  the  vapour  present  in  the  air  at  its 
actual  temperature  t  is  also  equal  to  F. 

We  shall  suppose  that  wind  is  blowing,  so  that  continually  fresh 
portions  of  air  come  within  the  sphere  of  action  of  the  wet-bulb. 
Then  each  particle  of  this  air  experiences  a  depression  of  temperature 
and  an  increase  of  vapour-tension  as  it  comes  near  the  wet-bulb,  from 
both  of  ^iirhich  it  afterwards  recovers  as  it  moves  away  and  mixes 
with  the  general  atmosphere. 

^  The  first  edition  of  these  Tables  diffen  oonsiderably  from  the  rest,  and  is  never  used; 
but  there  baa  lieen  no  material  alteration  since  the  second  edition  (1856). 
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If  now  it  ia  legitimate  to  assume^  that  t 
ture  and  exaltation  of  vapour-tension  are  t 
another,  not  only  in  comparing  one  partii 
times,  but  also  in  comparing  one  particle  ^ 
means  of  solving  our  problem ;  at  all  evt 
additional  assumptions  that  a  portion  of 
bulb  is  at  the  temperature  of  the  wet-bulb 

On  these  assumptions  the  greatest  reduc 
air  iat—t',  and  the  greatest  increase  of  va 
the  corresponding  changes  in  the  whole 
these.  The  three  temperatures  (,  (',  T  mu 
that  the  heat  lost  by  a  mass  of  air  in  coolii 
is  just  equal  to  the  heat  which  becomes  lal 
much  vapour  as  would  raise  the  rapour-t 
amount  /— F. 

Let  h  denote  the  height  of  the  baromt 
air  (Chap.  xxxL),  D  the  relative  density  o 
latent  heat  of  steam. 

Then  the  mass  of  the  ait  is  to  that  of  tl 

duce  the  additional  tension,  as  A  to  D  (/'- 

LD(/-F)  =.((-0 

or 

/■-' -<'-'-> '-m 

which  is  the  required  formula,  enabling  u 
of  vapour-tensions,  to  determine  F,  and  t 
when  the  temperatures  /,  t'  of  the  dry  and  ■ 
of  the  barometer,  have  been  observed.  Tl 
tive  humidity  will  be  j  100. 

Properly  speaking,  a  denotes  the  speciBc 
air  containing  the  actual  amount  of  vapoi 
to  some  extent  upon  the  very  element  wl 
but  its  variation  is  inconsiderable.     L  qIe 

'  His  Msamption  which  Dr.  Apjohn  actually  makes  U 
bulb  hygrometer  the  BtkUonary  tempenture  is  attoinei 
wftter  i*  neceHuily  ex&ctly  equal  to  that  which  the  lu: 
temperature  of  the  atmosphere  to  that  of  the  moistened 
gone  this  reduction  becomes  saturated  with  maiature''  (' 

This  implies  that  unleM  ur  panes  near  enough  to  t 
saturated,  it  eiperienoea  no  depression  of  tempenture  w 
but  Auguat  iudepenilently  makei  the  si 
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qoantity  f,  but  its  variations  are  also  small  within  the  limits  which 
occur  in  practice.  The  factor  j-^  may  therefore  be  regarded  as  con- 
stant, and  its  value,  as  adopted  by  Dr.  Apjohn  for  the  Fahrenheit 
scale,  is  ^^^^  or  ^ "  g-.-  We  thus  obtain  what  is  knowD  as  Apjohn  s 
formula, 

When  the  wet-bulb  is  frozen,  L  denotes  the  sum  of  the  latent  heats 
of  liquefaction  and  vaporization,  and  the  formula  becomes 

In  calm  weather,  and  also  in  very  dry  weather,  the  humidity,  as 
deduced  from  observations  of  wet  and  dry  thermometers,  is  generally 
too  great,  probably  owing  mainly  to  the  radiation  from  surrounding 
objects  on  the  wet-bulb,  which  makes  its  temperature  too  high. 

295.  Chemical  Hygrometer. — The  determination  of  the  quantity  of 
aqueous  vapour  in  the  atmosphere  may  be  effected  by  ordinary 
chemical  analysis  in  the  following  manner; — 

An  aspirator  A,  of  the  capacity  of  about  50  litres,  communicates  at 
its  upper  end  with  a  system  of  U-tubes  1,  S,  S,  i,  5,  6,  filled  with 
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pieces  of  pumice  soaked  in  sulphuric  acid.     The  aspirator  being  fiill 
of  water,  tbe  stop-cock  at  the  bottom  is  opened,  and  the  air  which 
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Dters  the  aspirator  to  take  the  place  of  th 
hrough  the  tubes,  where  it  leaves  all  it 
loisture  is  deposited  in  the  first  tubea 
itended  to  absorb  any  moisture  that  ma; 
iuppose  w  to  be  the  iDCrease  of  weight  of  i 
1  evidently  the  weight  of  the  aqueous  va 
rhich  has  passed  through  the  apparatua 
rhich  we  will  suppose  to  be  expressed  in  1 
y  measuring  the  amount  of  water  whi( 
as  been  again  saturated  by  contact  with 
nd  the  aqueous  vapour  contaaned  in  it  is  i 
lum  tension  corresponding  to  the  temper 
IOmeter  attached  to  the  apparatus.  Let 
y  /.  The  volume  occupied  by  this  air 
'here  the  temperature  is  T,  is  known  by  th 
een 

y.    H-/    l+oT 
'H-x'l  +  at' 

denoting  the  tension  of  the  aqueous  vapc 
[  the  total  atmospheric  pressure  as  indieat 
ince  the  relative  density  of  steam  is  -622, 
f  air  at  temperature  0°  C  and  pressure  ' 
de  weight  of  vapour  which  this  air  contai 

y       H-/        l+0Tj^j.2gg^,gj2 

'hich  must  be  equal  to  the  known  weighi 
i^uation  from  which  we  find 

^^_ u  (!  +  »()  7eoH 

V(H-/)  X  ■622xl-29a  +  w  | 

.  good  approximation  will  be  obtained  by 

w  =  Vxl-2eSx-622.^ 


This  method  lias  all  the  exactness  of  a  i 
at  it  involves  great  labour,  and  is,  besid 
le  sudden  variations  which  often  occur 
tmosphere.  It  can  only  give  the  mean  i 
Iven  volume  of  air  during  the  time  occi 
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Its  aocoracy,  however^  renders  it  peculiarly  suitable  for  checking  the 
results  obtained  by  other  methods. 

296.  Weight  of  a  given  Volume  of  Moist  Air. — The  laws  of  vapours 
and  the  known  formulae  of  expansion  enable  us  to  solve  a  problem 
of  veiy  frequent  occurrence,  namely,  the  determination  of  the  weight 
ot  a  given  volume  of  moist  air.  Let  Y  denote  the  volume  of  this 
air,  H  its  pressure,  /  the  tension  of  the  vapour  of  water  in  it,  and  t 
its  temperature.  The  entire  gaseous  mass  may  be  divided  into  two 
parts,  a  volume  Y  of  dry  air  at  the  temperature  t  and  the  pressure 
H—/,  whose  weight  is,  by  the  known  formulae, 

V  X 1-293  x-i-.  ?;/, 
1  +  at      760' 

and  a  volume  Y  of  aqueous  vapour  at  the  temperature  t  and  the 
pressure  /;  the  weight  of  this  latter  is 

5vxl-298x     ^         ^ 


8  1  +  ai    760 

The  sum  of  these  two  weights  is  the  weight  required,  viz. 

1        H-l^ 
Vxl-293xj:^.-yg0- 

297.  Ratio  of  the  Volumes  occupied  by  the  same  Air  when  saturated 
at  DiiTerent  Temperatures  and  Pressures. — Suppose  a  mass  of  air  to 
be  in  presence  of  a  quantity  of  water  which  keeps  it  always  saturated; 
let  H  be  the  total  pressure  of  the  saturated  air,  t  its  temperature,  and 
V  its  voluma 

At  a  different  temperature  and  pressure  If  and  H',  the  volume 
occupied  Y'  will  in  general  be  diiferent.  The  two  quantities  Y  and 
V'  may  be  considered  as  the  volumes  occupied  by  a  mass  of  dry  air 
at  temperatures  t  and  f  and  pressures  H— /  and  H'— /';  we  have  then 
^  201)  the  relation 

V     K'f  '  l  +  atT  ^^ 

In  passing  from  one  condition  of  temperature  and  pressure  to  another, 
it  may  be  necessary,  for  the  maintenance  of  saturation,  that  a  new 
quantity  of  vapour  should  be  formed,  or  that  a  portion  of  the  vapour 
should  be  condensed,  or  again,  neither  the  one  nor  the  other  change 
oiay  take  place.  To  investigate  the  conditions  on  which  these  alter- 
natives depend,  let  D  and  D'  be  the  maximum  densities  of  vapour  at 
he  temperatures  t  and  if  respectively.     Suppose  we  have  if>t,  and 
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hat,  without  filtering  the  pressure  /,  the 
9  raised  to  t',  all  contact  with  the  general 
The  vapour  will  no  longer  remain  satura 
iressure  to  /',  keeping  the  temperature 
^n  be  produced.  This  latter  change 
[uantity  of  vapour,  and  if  we  suppose  its 
le  the  same  aa  that  of  air,  we  shall  have 

If  /'■  l+n<' 
,nd,  by  multiplying  together  equations  (1 


JVom  this  result  the  following  particuli 
luced : — 

1.  If  H7=H/',  VD=: VD;  that  is, the 
a  both  cases;  consequently,  neither  cor 
akes  place. 

2.  If  H'/>  H/',  VD>  V'D',  that  is,  pari 

3.  If  H'/  <H/',  VD  <V'D',  that  is,  a  J 
equired  to  maintain  saturation,  la  th: 
inly  be  applied  when  we  are  sure  that  tl 
iquid  to  produce  the  fresh  quantity  of  va 

The  general  formults  (1),  (2),  (3)  fun 
articular  problems  which  may  be  prop< 
if  the  variables  for  the  unknown  quantit 

298.  Aqnaons  Ueteors. — The  name  mcii 
iloft,  though  more  especially  applied  to  t 
ailed  shooting-stars  and  their  like,  likev 
)hGnomena  which  have  their  seat  in  the 
louds,  rain,  and  lightning.  This  use  of 
omewhat  rare;  but  the  correlative  term 
imployed  to  denote  the  science  which  tre 
bet,  the  science  of  matters  pertaining  to 

By  aqueous  meteors  are  to  be  underst 
esult  from  the  condensation  of  aqueous  ^ 
uch  as  rain,  dew,  and  fog.  This  conden 
if  two  waya  Sometimes  it  is  caused  by 
rhich  reduces  the  film  of  air  in  contact 
lelow  the  dew-point,  and  thus  produces  t 
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tion  of  a  portion  of  its  vapour  in  the  form  of  dew  or  hoar-frost  The 
circumstances  connected  with  the  formation  of  dew  will  be  treated 
inGiapter  xxix.  All  that  we  need  remark  now  is  that  it  essentially 
consists  in  the  deposition  of  moisture  on  the  very  body  whose  low 
temperature  causes  the  condensation. 

When,  on  the  contrary,  the  condensation  of  vapour  takes  place  in 
the  interior  of  a  large  mass  of  air,  the  resulting  liquid  or  solid  fdUs 
in  obedience  to  gravity.     This  is  the  origin  of  rain  and  snow. 

299.  Cloud  and  Mist. — When  vapour  is  condensed  in  the  midst  of 
the  air,  the  first  product  is  usually  mist  or  cloud,  a  doud  being 
merely  a  mist  at  a  great  elevation  in  the  air. 

Natural  clouds  are  similar  in  constitution  to  the  cloudy  substance 
which  passes  off  from  the  surface  of  hot  water,  or  which  escapes  in 
puffs  from  the  chimney  of  a  locomotive.  In  common  language  this 
substance  is  often  called  steam  or  vapour,  but  improperly,  for  steam 
is,  like  air,  transparent  and  invisible,  and  the  appearance  in  question 
is  produced  by  the  presence  of  particles  of  liquid  water,  which  have 
been  formed  from  vapour  by  cooling  it  below  its  dew-point 

Naturalists  are  not  agreed  as  to  the  nature  of  these  particles,  the 
difference  of  opinion  having  arisen  in  the  attempt  to  explain  their 
suspension  in  the  atmosphere.  Some  have  endeavoured  to  account 
for  it  by  maintaining  that  they  are  hollow  ;^  but  even  if  we  could 
conceive  of  any  causes  likely  to  lead  to  the  formation  of  such  bubbles, 
it  would  furnish  no  solution  of  the  difficulty,  for  the  air  inclosed  in 
a  bubble  is  no  rarer,  but  in  fact  denser,  than  the  external  air  (§  97  b); 
the  bubble  and  its  contents  are  therefore  heavier  than  the  air  which 
it  displaces. 

It  is  more  probable  that  the  particles  are  solid  spheres  differing 
only  in  size  from  rain-drops.  It  has  been  urged  against  this  view, 
that  such  drops  ought  to  exhibit  rainbows,  and  the  objection  must 
be  allowed  to  have  some  weight.  The  answer  to  it  is  probably  to 
be  found  in  the  excessive  smallness  of  the  globules.  Indeed,  the  non- 
occurrence of  bows  may  fairly  be  alleged  as  proving  that  the  dia- 
meters of  the  drops  are  comparable  with  the  lengths  of  waves  of 
light. 

This  smallness  of  the  particles  is  amply  sufficient  to  explain  all  the 
observed  facts  of  cloud  suspension,  without  resorting  to  any  special 
theory.      It  probably  depends  on  the  same  principle  as  the  suspension 

'  !H»o0e  -v^lio  adopt  this  view  caU  them  vtsicUs  {vesica ,  a  bladder),  and  call  mist  or  cloud 
apour  «i»  the  vesicular  state. 
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seen;  and  their  observed  forms  and  dimeDsions  seem  to  agree  with 
the  sopposition  that  tbey  are  formed  by  refractions  and  reflecUons 
irom  ice-cryetals. 

2.  Cumvltts  consists  of  roanded  masses,  convex  above  and  com- 
paratively flat  below.  Their  form  bears  a  strong  resemblance  to 
heaps  of  cotton  wool,  hence  the  names  baUs  of  cotton  and  woot-jxicka 
applied  to  these  clouds  by  sailora  They  are  especially  prevalent  in 
iaaimer,  and  are  probably  formed  by  columns  of  ascending  vapour 
which  become  condensed  at  their  apper  extremities. 

3.  Stratus  consists  of  horizontal  sheets.  Its  situation  is  low  in  the 
ittmosphere,  and  its  formation  is  probably  due  to  the  cooling  of  the 

earth  and  the  lower  por- 
tion of  the  air  by  radia- 
tion. It  is  very  frequently 
formed  at  sunset,  and  dis- 
appears at  sunrise. 

Of    the    intermediate 

forms  it  may  suffice  to 

mention  cirro-cumvZus, 

which  floats  at  a  higher 

level  than  cumulus,  and 

Pif.  ITS.— stntu  consists  usually  of  small 

roundish  masses  disposed 

with  some  degree  of  r^^ularity.     This  is  the  cloud  which  forms  what 

is  known  as  a  mackerel  eky. 

As  a  distinct  form  not  included  in  Howard's  classification,  may  be 

mentioned  ecu(2,thechar- 

acteristic  of  which  is  that, 

from  its  low  elevation,  it 

appeara   to   move   with 

excessive  rapidity. 

Howard  gives  the  name 
of  nimhus  to  any  cloud 
which  is  discharging  rain; 
and,  for  no  very  obvious 
reason,  he  regards  this 
tit-  37S.— NimtHiL  rain- cloud  as  compounded 

of  (or   intermediate  be- 
tween) the  three  elementary  types  above  defined. 
The  classificatjon  of  clouds  is  a  subject  which  scarcely  admits  of 


t80  HTGBOHETRY. 

)recise  treatmeDt;  the  varieties  are  so  se 
rraduaUy  into  one  another. 

301.  CaaBes  of  the  Formation  of  Cload  an 
nerely  condensed  vapour,  their  formation  ii 
vhich  tend  to  convert  vapour  into  liquid, 
ihe  presence  of  a  quantity  of  vapour  greate 
Lctual  temperature,  would  be  sufficient  for 
;hinga  which  may  be  brought  about  by  the 
lir  in  any  of  the  following  ways: — 

(1.)  By  radiation  from  the  mass  of  air  to 

(2,)  By  the  neighboorhood  of  cold  grouni 
iops. 

(3.)  By  the  cxraling  effect  of  expansion,  wh 
nto  regions  of  diminished  pressure.  This 
nass  is  accompanied  by  a  corresponding  v 
lescends,  it  may  be  in  some  distant  locality 

Causes  (2)  and  (3)  combine  to  produ< 
vhich  generally  characterizes  mountainous 

It  is  believed  that  waterspouts  are  proc 
)f  a  stream  of  air  up  the  axis  of  an  aerial  v 

(4)  By  the  contact  and  mixture  of  cooler 
!ver,  that  this  cooler  air  must  itself  be  wai 
IS  both  the  temperature  and  vapour-densil 
ntermediate  between  those  of  the  two  com 
>usly  follow  (as  is  too  often  hastily  assume< 
K>  produce  precipitation.  Such  is  howeve 
ipon  the  principle  that  the  density  of  ei 
;han  the  temperature;  or,  what  is  the  sai 
n  which  temperature  is  the  abscissa  and  i 
)he  ordinate,  is  everywhere  concave  upwari 

It  will  be  sufficient  to  consider  the  case  o 
volumes  of  saturated  air  at  different  tem 
lenote  by  t^  and  t^.  Let  the  ordinates 
lensities  of  vapour  for  saturation  at  tht 
leing  the  intermediate  portion  of  the  cur 

'  The  rainiest  place  at  present  known  in  Great  Brita 
hnite  in  Cumberland,  where  the  auDuol  rainfall  is  about 
be  world  ie  believed  to  be  Cherra  Ponjee,  in  the  Khaqrah 
1  Calcutta,  where  the  annual  fall  is  about  610  inches. 

*  Contact  with  cooler  air  may  be  reganled  as  equivala 
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Fig.  27Ci 


at  the  middle  point  of  AB,  representing  therefore  the  density  of 
saturation  for  the  temperature  i(t^+t^).     When  the  equal  volumes 
are  mixed,    since    the    colder   maaa    is 
slightly  the  greater,  the  temperature  of 
the  mixture  will  be  something  less  than 
i('^i+^t)>  *iid,  if  there  were  no  conden- 
sation of  vapour,  the  density  of  vapour 
in  the  mixture  would  be   i(AA'+BF) 
=  Cn.      But  the  density  for  saturation 
is  something  less  than  Cm.     The  excess 
of  vapour    is   therefore    represented    by 
something  more  than  mti.     The  amount 
actually  precipitated  will,  however,  be  less 

than  this,  since  the  portion  which  is  condensed  gives  out  its  latent 
heat^  and  thus  contributes  to  keep  up  the  temperature  of  the 
whole. 

The  cause  here  indicated  combines  with  (3)  to  produce  condensa- 
tion when  masses  of  air  ascend. 

On  the  sur&ce  of  the  earth  mists  are  especially  frequent  in  the 

morning  and  evening;  in  the  latter  case  extending  over  all  the  sur- 

&ce ;  in  the  former  principally  over  rivers  and  lakes.    The  mists  of 

evening  are  due  simply  to  the  rapid  cooling  of  the  air  after  the  heat 

of  the  sun  has  been  withdrawn.     In  the  morning  another  cause  is  at 

work.     The  great  specific  heat  of  water  causes  it  to  cool  much  more 

slowly  than  the  air,  so  that  the  vapour  rising  from  a  body  of  water 

enters  into  a  colder  medium,  and  is  there  partly  condensed,  forming 

a  mist,  "which,  however,  confines  itself  to  the  vicinity  of  the  water, 

and  is  soon  dissipated  by  the  heat  of  the  rising  sun. 

302.  Bain. — ^In  what  we  have  stated  regarding  the  constitution  of 
clouds,  it  is  implied  that  clouds  are  always  raining,  since  the  drops 
of  which  they  are  composed  always  tend  to  obey  the  action  of  gravity. 
But,  inasmuch  as  there  is  usually  a  non-saturated  region  intervening 
between  the  clouds  and  the  surface  of  the  earth,  these  drops,  when 
very  small,  are  usually  evaporated  before  they  have  time  to  reach 
the  ground.  Ordinary  rain-drops  are  formed  by  the  coalescing  of  a 
number  of  these  smaller  particle& 

By  the  amount  of  annual  rainfall  at  a  given  place  is  meant  the 
lepth  of  'water  that  would  be  obtained  if  all  the  rain  which  falls 
:here  in  &  year  were  collected  into  one  horizontal  sheet;  and  the 
lepth  of  rain  that  falls  in  any  given  shower  is  similarly  reckoned. 
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It  is  the  depth  of  the  pool  which  woul 

were  perfectly  horizontal,  and  none  of 

The  instrument  employed  for  determiniti 

It  has  various  forms,  one 

the  adjoining  figure.     B 

rain  falls,  and  from  which 

A.     It  is  drawn  off  by  mi 

measured  in  a  graduated  { 

corresponds  to  j^^j-  of  an  u 

It  is  essential  that  the  i 

the  funnel — should  be  tru 

gauge  will  catch  too  muc 

the  direction  of  the  wind. 

The  best  place  for  a  ra 

level  and  open  plot;  and 

surface  should  be  not  less 

tMa-^^.        splashing.     The  roof  of  a 

count  of  the  eddies  which  : 

A.  circumstance  which  has  not  yet  beei 

higher  a  gauge  is  above  the  ground  the 

case  of  gauges  on  the  top  of  poles  in  an 

collected  is  diminished  by  Vo-th  part  of  i1 

of  the  receiving  surface,  as  shown  by  coi 

plot  of  ground  at  heights  ranging  from  6 

By  means  of  tipping-buckets  and  otb 

records  of  rainfall  are  obtained  at  the  pi 

best  of  these  pluviometers  is  Osier's, 

springs  stretched  by  the  weight  of  the  vi 

record,  until  a  quarter  of  an  inch  ha* 

reservoir  empties  itself,  and  a  fresh  recor 

The  mean  annual  rainfall,  according  to 

Lincoln  and  Stamford;  21  at  Aylesbury, 

London  and  Edinbui^h ;  30  at  Dublin,  '. 

Exeter  and  Clifton ;  35  to  36  at  Liverp 

Glasgow  and  Cork;  50  at  Galway;  64  at 

at  Dartmoor;  and  91  on  Benlomond. 

*  The  beat  work  od  the  subject  of  nun  and  its  meu 
Sain  by  Hr.  G.  J.  SymouB,  a  gentlenuui  who  dev 
Britiib  lainfiU.  Mr.  SymonB  irould  probabi]'  tell  ui 
ii  too  flat,  and  would  cause  some  of  the  nia  to  splash 

*  Thii  appean  from  the  table  in  3;moni  on  Sain,  i 
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L  Snow  and  Hail. — Snow  is  probably  formed  by  the  direct  pas- 
sage of  vapour  into  the  solid  state.  Snow-flakes,  when  examined 
under  the  microscope,  are  always  found  to  be  made  up  of  elements 
possessing  hexagonal  symmetry.  In  Fig.  278  are  depicted  various 
fonns  observed  by  Captain  Scoresby  during  a  long  sojourn  in  the 
Arctic  regions. 

In  these  cold  countries  the  air  is  often  filled  with  small  crystals  of 
ice  which  give  rise  to  the  phenomena  of  haloes  and  parhelia. 

Hail  is  probably  due  to  the  freezing  of  rain-drops  in  their  passage 
through  strata  of  air  colder  tlian  those  in  which  they  were  formed. 
Even  in  fine  summer  weather,  a  freezing  temperature  exists  at  the 
height  of  from  10,000  to  20,000  feet,  and  it  is  no  unusual  thing  for 
a  colder  stratum  to  underlie  a  warmer,  although,  as  a  general  rule, 
the  temperature  diminishes  in  ascending. 


•  s 
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CHAPTER    XXIX. 


RADIAKT  HEAT. 


Badiation. — ^When  two  bodies  at  different  temperatures  are 

t  opposite  to  each  other,  an  unequal  exchange  of  heat  takes 

tlurough  the  intervening  distance ;  the  temperature  of  the  hotter 

jblls,  while  that  of  the  colder  rises,  and  after  some  time  the 

tare  of  both  becomes  the  same.     This  propagation  of  heat 

intervening  space  is  what  is  meant  by  radiation,  and  the 

heat  transmitted  under  these  conditions  is  called 

radiant  heat.    Instances  of  heat  communicated  by 

radiation  are  the  heat  of  a  fire  received  by  a  person 

sitting  in  front  of  it,  and  the  heat  which  the  earth 

receives  from  the  sun. 

This  last  instance  shows  us  that  radiation  as  a 
means  of  propagating  heat  is  independent  of  any 
ponderable  medium.  But  since  the  solar  heat  is 
accompanied  by  light,  it  might  still  be  questioned 
whether  dark  heat  could  in  the  same  way  be  propar 
gated  through  a  vacuum. 

This  was   tested  by  Rumford  in  the  following 

way: — He  constructed  a  barometer  (Fig.  279),  the 

upper  part  of  which  was  expanded  into  a  globe, 

and  contained  a  thermometer  hermetically  sealed 

into  a  hole  at  the  top  of  the  globe,  so  that  the  bulb 

of  the  thermometer  was  at  the  centre  of  the  globe. 

The  globe  was  thus  a  Torricellian  vacuum-chamber. 

By  melting  the  tube  with  a  blow-pipe,  the  globe 

.  was  separated,  and  was  then  immersed  in  a  vessel 

hoi   water,  when  the  thermometer  was  immediately 

ixy  rise  to  a  temperature  evidently  higher  than  could  be 


conduction  of  heat  t: 
comniUQicated  by  i 
he  sides  of  the  globe 
di&nt  Heat  travels  in 
ion  of  heat  takes  pi 
I  thermometer  and  a 
reens,  each  pierced  ^ 
that  a  straight  line  ct 
t  to  the  thermometer 
ses;  if  a  different  t 
y  the  screens,  and  th 
tt  which  travels  alon 
Thus  we  say  that  ra; 
a  heated  body,  or  th 
nguage  may  be  thou] 
mce  (caloric)  which  i 
in  all  directions.  A 
nolecules  of  caloric  ] 
ne.  But,  in  fact,  th' 
of  heat  is  independ 
ital ;  it  amounts  mer 
that  the  direction  < 
lay  form  about  the 
t  rectilinear  propagat 
w  generally  admittei 
y  motion  which  is  ti 
led  ether.  Accordin 
ines  drawn  in  all  din 
ch  the  vibratory  mo^ 
iw  of  Cooling:. — It  '< 
to  which  a  body  coo! 
re  than  its  own;  for 
t  which  a  body  loses 
when  stated  in  such ' 
i  of  temperature  and 
m,  becomes  exceedin 
ature  is  small,  amoi 
Newton's  law  of  coc 
ia  this: — the  rate  at 
tJie  difference  betwee 
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that  of  the  incloaunre.  If  the  body  be  of  sensibly  uniform  tempera- 
ture throughout  its  whole  mass,  as  in  the  case  of  a  vessel  with  thin 
metallic  sides  containing  water  which  is  kept  stirred,  or  of  the  quick- 
silver in  the  bulb  of  a  thermometer,  the  fall  of  temperature  is  pro- 
portional to  the  loss  of  heat,  and  Newton's  law  as  applied  to  such  a 
body  asserts  that  tiie  mte  at  which  the  temperature  falls  ia  proper- 
tmal  to  the  exceed  of  the  temperature  of  the  body  above  that  of  the 
inchsure. 

To  test  this  law  experimentally,  we  observe  from  time  to  time  the 
excess  of  the  temperature  of  a  thermometer  above  that  of  the  air  in 
which  it  is  cooling.  It  is  found,  that,  if  the  observations  are  made 
at  equal  intervals  of  time,  the  observed  excesses  form  a  decreasing 
geometric  seriea 

To  express  this  fact  algebraically,  let  9^  denote  the  initial  excess  of 

temperature,  and  ^  the  ratio  of  the  seriea  Then  the  excess  at  the 
end  of  a  unit  of  time  will  be  -^,  at  the  end  of  two  units  ^,  and  after 
t  units  -\;  so  that  if  6  denote  the  excess  at  time  t,  we  have 


One  pair  of  observations  is  sufficient  to  determine  the  value  of  the 
constant  rn,,  which  is  different  for  different  thermometera 

By  rate  of  coolmg  is  meant  the  fall  of  tefmperature  per  unit  time 

which  is  taking  place  at  the  instant  considered.     This  is  computed 

approximately  by  dividing  the  fall  of  temperature  in  a  small  interval 

of  time  by  the  length  of  the  interval    Its  exact  value  is  given  by 

the  differential  calculus,  and  is 

-  ~  =  ^o"*"*  log*  "*  =  ^  log,  m,  (2) 

which  is  proportional  to  6,  as  asserted  by  Newton's  law 

A  precisely  similar  law  holds  for  warming, 

307  a.  Cooling  by  Radiation  in  Vacuo. — The  cooling  of  a  thermo- 
meter in  Air  is  effected  partly  by  the  contact  of  the  air,  and  partly 
by  radiation.  When  the  thermometer  is  placed  in  the  centre  of  a 
vacnoua  space,  radiation  alone  can  operate,  namely,  radiation  from 
the  thermometer  to  the  walls  of  the  indosure.  The  law  of  cooling 
under  these  conditions  has  been  investigated  experimentally  by 
Dulong  and  Petit,  and  was  reduced  by  them  to  a  formula  which  was 
found  to  1>e  accurate  within  the  Umits  of  experimental  error  for  all 


inges  of  temperature  employei 
)  thermometer  above  that  of  tl 
20°  to  2*0°  C.  They  found  ) 
id  upon  the  difference  of  tenif 
than  at  low  temperatures;  also 
rails,  the  rate  of  cooling  was 
9,  but  increased  more  rapidly, 
eir  formula 

Y  =  c<f  (o 

J  V  denotes  the  rate  of  coolin, 
ure  of  the  walls  of  the  inclosure 
it  f +0  is  the  temperature  of  i 
jy  t  the  formula  may  be  thn 

1  suggests  the  idea  that  an  uuei 
sen  the  thermometer  and  the  ' 
rails  a  quantity  of  heat  repn 
inge^  only  the  quantity  o<. 
ns  the  same  at  all  temperature 

same  for  all  temperatures  of  t 
len  the  temperatures  are  Cent 
I  they  are  Fahrenheit  it  is  1*1 

being  unaffected  by  a  change 
ares  are  reckoned.  The  value 
and  some  other  cii-cumstances, 

developing  a  in  ascending  p< 
da  (3)  agrees  sensibly  with  !N 
srature  does  not  exceed  a  few  < 
J.  Law  of  Inverse  Squares. — If 
ilace  it  at  successively  increasin 
smperature  indicated  by  the  in 
iphere  by  decreasing  amounts 
at  heat  diminishes  as  the  distai 

xirding  to  the  thtorg  of  achanga,  the  hi 
mt  term  depeadlng  on  the  zero  of  the 
d  by  it  in  eof  plug  the  »me  constant. 
I  upon  the  zero  from  which  temperature 
lq;t«ea,  wbereu  a  depend*  on  the  lattci 
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tdon  may  be  discovered  by  experiment.  In  fact,  when  the  excess  of 
temperature  of  the  thermometer  becomes  fixed,  we  know  that  the- 
heat  received  ia  equal  to  that  lost  by  radiation;  but  this  latter  is,  by 
Newton's  law,  proportional  to  the  excess  of  temperature  above  that 
of  the  surrounding  air;  we  may  accordingly  consider  this  excess  as 
die  meaaare  of  the  heat  received.  It  has  been  found,  by  experiments 
at  different  distances,*  that  the  excess  is  inversely  proportional  to  the 
ajDare  of  the  distance ;  we  may  therefore  conclude  that  the  intensity 
of  the  hecU  received  froTn  any  source  of  heat  varies  inversely  aa  the 
square  of  the  distance. 

The  following  experiment,  devised  by  Tyndall,  supplies  another 
simple  proof  of  this  fundamental  law : — 

The  thermometer  employed  is  a  Melloni's  pile,  the  nature  of  which 
we  shall  explain  in  §  313.  This  is  placed  at  the  small  end  of  a  hollow 
cone,  blackened  inside,  so  as  to  prevent  any  reflection  of  heat  from 
its  inner  sur&ce.     The  pile  is  placed  at  S  and  S'  in  ^nt  of  a  vessel 


¥if.  no.— Uw  of  InniB  BquiM 

filled  witb  boiling  water,  and  coated  with  lamp-black  on  the  side 
aent  the  pila  It  will  now  be  observed  that  the  temperature 
indicated  by  the  pile  remains  constant  for  all  distances.  This  result 
proves  the  law  of  inverse  squares.  For  the  arrangement  adopted 
prevents  the  pile  from  receiving  more  heat  than  that  due  to  the  area 
of  AB  in  the  first  case,  and  to  the  area  A'B'  in  the  second.  These 
are  the  areas  of  two  circles,  whose  radii  are  respectively  proportional 
to  SO  and  S'O;  and  the  areas  are  consequently  proportional  to  the 

I  ipjiQ  dimenaioiii  of  the  >aDice  of  hsftt  mtiit  be  eidbU  in  camparuon  with  tlie  diitanoe  of 
the  thermoiDetcr,  h  atlierwiH  the  diatuiiMa  of  difieteut  purta  of  the  louice  of  hett  tran\ 
tfu  tbezmometer  ara  semibly  difierent.  In  this  case,  the  mmDuot  of  heat  received  vuiei 
directly  aa  tli«  ■^<)  luigle  mbtended  by  the  nurca  of  heat. 


;90  BADUNT  BEi 

quares  of  SO  and  S'O.  Since,  therefoi 
iste  the  same  quantity  of  heat  to  the  pi 
Qust  vary  inversely  as  the  squares  of  tt 

The  law  of  inverse  squares  may  also  I 
bllowing  manner: — 

Suppose  a  sphere  of  given  radius  to  in 
uu-ticle  as  centre.  The  total  heat  emi 
'eceived  by  the  sphere,  and  all  points  < 
he  same  calorific  effect  If  now  the  nu: 
he  surface  will  be  quadrupled,  but  the  i 
he  same  as  before,  namely,  that  emittt 
Etence  we  conclude  that  the  quantity  < 
irea  on  the  surface  of  the  large  sphere  ii 
yy  an  equal  area  on  the  small  sphere; 
itated  above. 

This  demonstration  is  valid,  whether 
leat  to  consist  in  the  emission  of  matter 
or  enei^  as  well  as  matter  is  indestrut 
n  amount  during  its  propagation  throu] 

309.  Law  of  the  Reflection  of  Heat.— 
I  polished  surface,  it  is  reflected  in  a  d 
aws. 

If  at  the  point  of  incidence,  that  is,  tl 
be  surface,  a  line  be  drawn  normal  or 
be  plane  passing  through  this  line  and 
ilane  of  incidence.  With  this  explani 
aws  of  the  reflection  of  heat: — 

1.  When  a  ray  of  heat  is  reflected  b; 
ion  lies  in  the  plane  of  incidence. 

2.  The  angle  of  reflection  is  equal  to 
s,  the  reflected  and  incident  rays  ir 
lormal  to  the  surface  at  the  point  of  inc 

We  shall  see  here^ler  that  these  la 
ihose  of  the  reflection  of  light.  In  the  < 
itrictiy  verified.  And  since,  in  all  pi 
leat  and  light,  we  find  the  same  laws 
uminous  rays,  we  may  consider  the  dei 
he  case  of  light  as  sufficient  to  prove  t 
if  heat  also. 

810.  Bnminfr-mirrorB. — The  laws  of  th 
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naj  be  directiy  verified  by  some  well-kDown  experiments,  especially 
by  meanfi  of  a  concave  spherical  mirror  (Fig.  281),  that  is,  a  mirror 
consisting  of  a  portion  of  a  hollow  sphere,  with  its  concave  side 
polished.  The  principal  axis  of  this  mirror  is  a  line  CF  passing 
through  the  centre  of  the  sphere,  and  through  the  middle  point  A 
fwhicii  may  be  called  the  pole)  of  the  mirror  itself  It  may  easily 
be  deduced  from  the  law  of  reflection  that  if  a  pencil  of  rays  parallel 
to  the  axis  are  incident  upon  the  mirror,  they  will  all,  after  reflection, 
paaa  through  or  very  near  the  point  F  which  bisects  the  radios,  and 


is  called  the  principal  focus.  We  may  remark  that  the  rays  need  not 
he  parallel  to  the  principal  axis;  it  ia  only  necessary  that  they  be 
parallel  to  each  other,  in  order  tiiat  they  should  meet  in  a  focus  situ- 
ated on  the  line  drawn  through  the  centre  in  a  direction  parallel  to 
the  pencil  of  rays. 

These  theoretical  conclusions  have  been  verified  by  experiments 
with  boming-mirrors.  These  are  spherical'  concave  mirrors,  turning 
aboat  an  axis,  so  aa  to  receive  the  rays  of  the  aun  perpendicularly 
Qpon  their  euriace.  The  heat  produced  under  these  circumstances  at 
the  focos  of  the  mirror,  is  sufficiently  great  to  inflame  any  combos- 
tible  material  placed  there,  or  even  to  produce  more  striking  efiecta 
Tschinabausen's  mirror,  for  instance,  which  was  constructed  in  1687, 
and  w»s  about  6  J  feet  in  diameter,  was  able  to  melt  copper  or  silver, 
and  to  "vitrify  brick.    lustead  of  curved  mirrors,  Buflbn  employed  a 

'  Fan^olie  miiron  are  periiapa  mem  frequeDtly  emplojed  {or  experiment*  on  the  reflaiv 
tton  of  he»t.  All  rftj>  falling  on  >  parabolic  mirror  parallel  to  iti  axii  are  accunUdy 
refiected  to  ila  focnu,  md  all  raja  inadent  upon  it  from  a  ■odtco  of  heat  or  light  at  the 
focoa  kte  refleoted  parallel  to  ths  axil. 

TbfB  mirron  in  the  experiioant  of  i  311  are  moat  easily  ad  justed  bjSrrt  placing  a  aonrce 
of  ligbt  (sDoh  aa  the  flame  of  a  oaodle)  in  one  foeaa,  and  forming  a  luminooa  image  in  (he 
other.  'WehaTe  thni  a  ooDTinciiig  proof  that  heat  and  light  obey  the  aame  lawi  aa  rcf[«ida 
>B»M*tMti  of  rvflaobon. 


,  which  were  arranged  so  t 
acted  by  them  converged  U. 
the  same  focus.  In  this 
obtained  an  extremely  p 
effect,  and  waa  able,  for  ii 
to  set  wood  on  fire  at  a  i 
of  between  80  and  90 
This  is  the  method  whict 
medes  is  said  to  have  ei 
for  the  destruction  of  the 
fleet  in  the  siege  of  S; 
and  though  the  truth  of  tl 
is  considered  doubtful,  i 
altogether  absurd. 

Sll.  Conjugate  Him 
more  rigorous  demonstr 
the  laws  of  the  reflection 
is  aflbrded  by  the  celebn 
periment  of  the  coojugt 
rors,  which  is  generally 
to  Pictet  of  Geneva. 

Two  spherical  mirrors  i 
ed  at  any  convenient  < 
with  their  concave  surf 
in  the  same  straight  line, 
miall  furnace,  or  a  red-bot 
er  some  highly  iuflammabl 
-cotton.  On  exciting  the 
:lie  other  focus  immediate 
hes  diameter,  gun-cotton  n 
ore  than  30  feet.  The  esp 
coming  from  the  focus  of 
ines,  and,  on  impinging  v 
iverge  again  to  its  focus, 
amable  material  placed  the 
liat  the  experiment  is  not  \ 
large  size  of  the  source  of  h 
small  portion  of  this  actui 
y  merely  to  maintain  a  sul 
rhich  really  send  rtiys  to  tl 
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Again,  the  image  of  the  source  of  beat  which  is  formed  at  the  focos 
of  the  second  mirror,  is  so  small,  that  the  slightest  change  in  the 
podtdon  of  either  mirror  causes  the  failure  of  the  experiment    Great 


exactness  is  therefore  required  to  insure  success;  and  we  may  con- 
sequently regard  the  experiment  as  a  tolerably  severe  test  of  the 
truth  of  the  laws  of  reflection  which  have  been  quoted  abova 

312.  Different  Properties  of  Bodies  with  respect  to  Radiuit  Heat. — 
ioppose  »  quantity  of  heat  denoted  by  unity  to  be  incident  upon 
he  sur&ce  of  a  body.  This  quantity  will  be  divided  into  several 
istinet  parts. 

1.  A  portion  will  be  regularly  reflected  according  to  the  law  given 
K)v&  If  the  fraction  of  heat  thus  reflected  be  denoted  by  -,  then 
is  the  measure  of  the  rejlecting  power. 

2.  A  portion  ^  will  be  Irregularly  reflected,  and  will  be  scattered 
difEused  through  space  in  all  directiona  Thus  ^  is  the  measure 
the  diffusive  power. 

i.  A  portion  i  will  penetrate  into  the  body  so  as  to  be  absorbed 
it,  and  to  contribute  to  raise  its  temperature ;  -  is  therefore  the 
isare  of  the  absorbing  power. 


Finally,  we  shall  have,  in 
es  through  the  body  withi 
This  fraction,  which  exi 
es,  is  the  measure  of  diath 
lie  sum  of  these  fractional 
inal  unit;  that  is 


.2a.  Relation  between  Absoi 
[pressing  absorbing  power 
1  express  the  rate  at  which 
ised  in  an  exhausted  spac 
than  its  own. 
H>  the  walls  be  covered  wil 
imperature  9,  and  let  Qte  e 
I  no  concavities)  be  S ;  tfa 
r  is  proportional  to  Sfl,  an 
Scient  which  is  independ 
:h  is  not  necessarily  the  i 
shall  call  this  factor  A  the 
:ed  by  the  body  in  a  short 

'  now  we  suppose  the  incl< 
L  small  excess  B",  the  rate  ( 
and  may  be  denoted  by  1 
ision ;  and  the  quantity  c 


T  experiment  shows  that,  f 
,  the  values  of  A  and  E  a 
ised  in  a  vacuous  globe,  i 
t  (§  307  a),  takes  the  same 
irence  of  temperature  beti 
2°  in  each  case, 
he  coefficient  of  emission  t 
ie  coefficient  of  absorption 
rical  name,  and  call  it  the 
vhich  this  coefficient  has  a  1 
ow  it  is  obviously  impos! 
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than  Ms  upon  it.     There  must  therefore  be  a  limiting  value  of  A 
appKcable  to  a  body  whose  absorbing  power  -  is  unity ;  and  the  same 

limiting  value  must  exist  for  E  which  is  equal  to  A. 

Hence  it  appears  that  good  radiation  depends  rather  upon  defect 
of  resistance  than  upon  any  positive  power.  A  perfect  radiator  would 
be  a  substance  whose  surface  opposed  no  resistance  to  the  communi- 
cation of  radiant  heat  in  either  direction;  while  an  imperfect  radiator 
is  one  whose  surface  allows  a  portion  to  be  communicated  through  it^ 
and  reflects  another  portion  regularly  or  irregularly. 

We  may  conveniently  employ  —  to  denote  the  ratio  of  the  heat 

emitted  by  a  surface  to  that  which  would  be  emitted  by  a  perfect 
radiator  at  the  same  temperature.  We  can  then  assert  that  for  any 
one  kind  of  heat 


a' 


or  the  emissive  and  absorptive  powers  are  equal. 

The  reflecting  and  diffusive  powers  of  lamp-black  are  so  insigni- 
ficant, at  temperatures  below  100'^  C,  that  this  substance  is  com- 
monly adopted  as  the  type  of  a  perfect  radiator,  and  the  emissive 
>nd  absorptive  powers  of  other  substances  are  usually  expressed  by 
oompariflon  with  it 

Beoent  experiments  by  Sir  W.  Thomson  show  that  the  coefficient 
<f  radiation  A  or  £  between  two  lamp-black  surfaces  radiating  to 
^  other  in  vacuo  is  about  ^^oo*  ?  being  expressed  in  gramme- 
^i^grees  (§  339),  0  in  degrees,^  S  in  square  centimetres  of  surface  of 
^  inclosed  body,  and  r  in  seconds. 

812i.  Different  Kinds  of  Heat-rays. — A  beam  of  radiant  heat  or 
%iit  is  not,  generally  speaking,  homogeneous,  but  (as  we  shall  more 
^7  explain  in  connection  with  optics)  is  made  up  of  rays  differing 
It  vave-length,  and  capable  of  being  separated  by  transmission 
^intmgh  a  prism,  those  which  have  the  shortest  wave-lengths  being 
i^hcted  or  turned  out  of  their  original  direction  to  the  greatest 
extent  A  beam  of  radiant  heat  or  light  may  also  possess  peculiar 
properties  comprehended  under  the  name  of  polarization. 

^ItiiiiiiBuiterul  wliether  the  Cent,  or  Fahr.  scale  be  einployed->for  the  degree  and 
PWwi  thmee  t^Bage  in  the  tame  ratio. 

^e^pefimenti  refeired  to  (which  will  shortly  be  published  in  the  Proc.  Roy.  Soc.), 
*^  ffladneted  by  observing  the  cooling  of  a  copper  ball  in  an  indosure  filled  with  air. 
^telil  loas  of  heat  coirasponded  to  a  co-efficient  iV)nr>  '^^  ^^  ^<m  estimated  that  half  the 
>■  VM  due  to  atmospheric  contact^  and  the  other  half  to  radiation. 


[most  all  substances  e 
,  that  is  to  say,  they 

others ;  and  it  has  l 
iriments,  that  the  he 
es  colder  than  itself,  o 

which  it  absorbs  mot 
8  c.  Theory  of  Exohai 
nost  simply  explainet 
changes,  but  original 
oame  of  the  theory  of 
ry  asserts  that  all  bot 
rate  depending  ap< 
pendent  of  the  subst 
)und  them;^  and  tha 
ture,  it  receives  back 
Miording  to  this  vie' 
ised  to  mutual  radiati 
bodies  have  unequal 
lerature  gives  to  the  ■ 
3  a  necessary  accomps 
lach  particular  kind  o 
i^(§  312a)  are  equal 
;  this  inference  being 
that  a  body  complete 
preserved  at  a  consti 
Krature.  For  the  d 
ial  treatises.* 
ccording  to  this  theor 
emperature  t",  reprea 
sion  at  this  temperati 
9.  Thennoscopio  Apj 
,  Badiaut  Heat. — An 
y  of  radiant  heat  is  i 

purpose  Leslie,  aboi 
uted  the  differential  tl 

important  investigs 
lOwledged    to   be  coi 

icJSOTa,  formDU(()uid{c 
rporl  on  tlie  Thtory  of  Exda 
p.  97;  uid  Stevart  on  Htat 
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I^provoBtaye,  &a^,  bare  exclusively  employed  Nobili's  theniio-miilti> 

pliei,  which  is  an  instrument  of  much  greater  delicacy  than  the 

differential  thermometer. 
The  thermo-pile  inverted  by  Xobili,  and  improved  by  Melioni, 

nmsts  essentially  of  a  chain  (Fig. 

SSI)  formed  of  alternate  elements 

of  bismuth  and  antimony.     If  the 

ends  of  the  chain  be  connected  by 

a  wire,  and  the  alternate  joints 
sl'igbtiy  heated,  a  thermo-electric 
cinrent  will  be  produced,  as  will  be 
eip/aiued  hereafter.  The  amount 
of  current  increases  with  the  num- 

6er  of  elements,  and  with  the  difiference  of  temperatures  of  the  oppo- 
site junctiona 

In  the  pile  as  improved  by  Melloai,  the  elements  are  arranged 
side  by  sdde  so  as  to  form  a  square  bundle  (Fig.  285),  whose  opposite 


'if.  3SS,— UsUonl'i  Tbgimo-moltiplior. 


consist  of  the  alternate  junctiona  The  whole  is  contained  in 
jper  case,  with  covers  at  the  two  ends,  which  can  be  removed 
1  it  is  desired  to  expose  the  fiicea  of  the  pile  to  the  action  of  heat^ 
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graduated  horizontal  bar  (Fig.  286)  carries  a  cube,  the  different  sides 
of  which  are  covered  with  different  substances  This  is  filled  with 
water,  which  is  maintained  at  the  boiling-point  by  means  of  a  spirit- 
lamp  placed  beneath.  The  pile  is  placed  at  a  convenient  distance, 
aod  the  iwlisiion  can  be  intercepted  at  pleasure  by  screens  arranged 
for  the  purpose.  The  whole  forms  what  is  called  Melloni's  appa- 
ratua 

If  we  now  subject  the  pile  to  the  heat  radiated  firom  each  of  the 
fices  in  turn,  we  shall  obtain  currents  proportional  to  the  emissive 
powers  of  the  substances  with  which  the  different  faces  are  coated. 

From  a  number  of  experiments  of  this  kind  it  has  been  found  that 
lamp-hlack  has  the  greatest  radiating  power  of  all  known  substances, 
while  the  metals  are  the  worst  radiators.  Some  of  the  most  impor- 
tant results  are  given  in  the  following  table,  in  which  the  emissive 
powers  of  the  several  substances  are  compared  with  that  of  lamp- 
black, which  is  denoted  by  100:— 

Relative  Ehissive  Powers  at  100"  C. 


Limp-Uack, 100 

White-lead, 100 

P*pcr, 98 

Glui, 90 

ladiaaink, 85 

SheDac, 72 


Steel, 17 

FlAtmmn, 17 

Polished  brass,      ....  7 

Copper, 7 

Polished  gold, 8 

Polished  silver,      ....  8 


316.  Absorbing  Power. — ^The  method  which  most  naturally  suggests 
itaelf  for  comparing  absorbing  powers,  is  to  apply  coatings  of  different 
substances  to  that  face  of  the  pile  which  is  exposed  to  the  action  of 
tbe  source  of  heat.  But  this  would  involve  great  risk  of  injury  to 
the  pfle. 

The  method  employed  by  Melloni  was  as  follows: — He  placed  in 
front  of  the  pile  a  very  thin  copper  disc  (Fig.  287),  coated  with  lamp- 
Uack  on  the  side  next  the  pile,  and  on  the  other  side  with  the  sub- 
^oe  whose  absorbing  power  was  required.  The  disc  absorbed  heat 
^7  radiation  from  the  source,  of  amount  proportional  to  the  absorb- 
ing power  of  this  coating,  and  at  the  same  time  emitted  heat  from 
i^h  sides  in  all  directions.  When  its  temperature  became  stationary, 
tbe  amounts  of  heat  absorbed  and  emitted  were  necessarily  equal, 
^  its  two  fetces  had  sensibly  equal  temperatures. 

Let  E  and  E'  denote  the  coefBcients  of  emission  of  lamp-black  and 
^  the  substance  with  which  the  front  was  coated,  and  0  the  excess 
tf  temperatnTe  of  the  disc  above  that  of  the  air;  then  (E+^0^  ^  ^^^ 
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i.  Incandesceot  platinom.  Thw  is  a  spiral  of  platinum  wire  (Elg. 
!SS)  auspended  over  a  Bpirib-lamp  so  aa  to  envelop  the  flame.  The 
meul  ia  heated  to  a  bright  white  heat;  and  since  the  radiating 
powers  of  the  flame  are  very  feeble,  the  metal  may  be  regarded  as 
the  sole  source  of  radiation.  The  flame,  in  fact,  is  scarcely  distin- 
guishable. 

3.  Copper  heated  to  aboat  400°  C.  Tbis  is  effected  by  placing  a 
^irit-lamp  behind  a  curved  copper  plate  (Fig.  289). 

i  Copper  covered  with  lamp-black  at  100°  C  This  is  a  cube  con- 
taining boiling  water  (Fig.  SilO)  similar  to  that  already  desciibed  in 


onnection  'w^ith  the  measurement  of  emissive  powers.  The  fitLce  whose 
idiation  is  employed  is  covered  with  lamp-black. 

If  these  different  sources  of  heat  be  severally  used  in  measuring 
:i8orbin^  powers,  it  will  be  found  that  these  powers  vary  consider- 
>ly  according  to  the  particular  source  of  heat  employed,  and  that  if 
s  denote  the  absorption  of  lamp-black  in  each  case  by  100,  the 
lative  absorbing  powers  of  otbor  aubstances  are  in  genenil  greater 

the  temperature  of  the  source  is  lower.  In  establishing  this 
portant  principle  by  experiment,  tiie  sources  of  heat  are  first 
ced  at  Buch  distances  that  the  direct  radiation  upon  the  pile 
U  be  the  same  for  each,  and  the  pile  ia  then  replaced  by  the 
i.  The  following  table  contains  some  of  the  results  obtained 
Melloni : 
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OBBTUia* 

100 

100 

IndiMiak.     .     .     . 

66 

95 

White-lewl,    .     .     . 

63 

66 

S."t- ; ; :  : 

52 

4S 

64 
47 

MetaUio  aurftce,      . 

U 

13'5 

319.  Reflecting  Power. — The  reflecting  po 
lured  by  the  proportion  of  incident  heat  w)ii 
rom  it.  This  subject  bos  been  investigat 
laprovostaye  and  Desaina  The  arrangemen 
ihown  in  Fig.  291. 

The  subEtance  under  investigation  is  placet 
[),  which  is  graduated  round  the  circumferen' 


tiy  the  horizontal  bar  HH',  which  turns  abc 
the  plate  C  Thiabaristo  be  so  adjusted  a^t< 
impinge  upon  the  pile,  the  adjustment  beii 
the  divisions  marked  on  the  circular  plata 

In  making  an  observation,  the  bar  HH' 
wincide  with  the  prolongation  of  the  princip 
3f  direct  radiation  is  thus  observed.  The  pil 
receive  tbe  reflected  rays,  and  the  ratio  of  thi 
bo  tbe  intensity  of  direct  radiation  is  the  d 
power. 
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The  following  are  some  of  the  results  obtained  by  Laprovostaye 
Desains,  the  source  of  heat  employed  being  a  Locatelli  lamp : — 


Polished  platinum,  . 

Steel, 

Ziuc, 

Iron, 


Reflecting 
Power. 

.  -80 

.  -83 

.  -81 

.  -77 


Beflecting 
Power. 

Silver  plate, '97 

Gold, -95 

BrasB, -93 

Specnlam  metal,      .     .     .  *86 

Tb, -85 

Laprovostaye  and  Desains  have  also  shown  that,  in  the  case  of 
diathermanous  substances,  the  reflecting  power  varies  considerably 
vith  the  angle  of  incidence,  which  is  also  the  case  for  luminous  rays. 

In  the  case  of  metals,  the  change  in  the  reflecting  power  produced 
by  a  change  in  the  angle  of  incidence  is  not  nearly  so  great;  the 
reflecting  power  remains  almost  constant  till  about  70"*  or  80^  and 
when  the  angle  of  incidence  exceeds  this  limit,  the  reflecting  power 
decrease,  whereas  the  opposite  is  the  case  with  transparent  bodies. 

Finally,  Laprovostaye  and  Desains  have  shown  that,  contrary  to 
'rbat  was  previously  supposed,  the  reflecting  power  varies  according 
to  the  scarce  of  heat.  Thus  the  reflecting  power  of  polished  silver, 
which  is  "97  for  rays  from  a  Locatelli  lamp^  is  only  '92  for  solar  rays. 
In  either  case  it  will  be  seen  that  the  reflecting  powers  of  polished 
silver  are  very  great;  and  since  experiment  has  shown  that  luminous 
and  calorific  rays  from  the  same  source  are  reflected  in  nearly  equal 
proportions,  the  advantages  attending  the  use  of  silvered  specula  in 
telescopes  can  easily  be  understood 

320.  Difbaive  Power. — ^Diffusion  is  the  irregular  reflection  of  heat, 
donbtless  owing  to  the  minute  inequalities  of  surface  which  are  met 
^th  on  even  the  most  finely-polished  bodies.  The  existence  of  this 
power  may  very  easily  be  verified.  We  have  only  to  let  a  beam  of 
f*diant  heat  fall  upon  any  dead  surface,  for  example  on  carbonate  of 
^  On  placing  the  pile  before  the  surface  in  any  position,  a  devia- 
tion of  the  salvanometer  is  observed,  which  cannot  be  attributed  to 
^diation  from  the  surface,  since  in  that  case  the  effect,  instead  of 
instantly  attaining  its  maximum,  as  it  actually  does,  would  increase 
gndoally  as  the  substance  became  warmed  by  the  heat  falling  upon  it 

Moreover  the  heat  thiis  diffused,  when  the  source  of  heat  is  a  body 
&t  high  temperature,  such  as  a  lamp-flame,  is  found  to  agree  in  its 
Properties  with  the  heat  radiated  from  a  body  at  high  temperature, 
Kid  to  be  altogether  different  from  that  which  the  diff'using  surface 
^capable  of  radiating  at  its  actual  temperature.     The  diffused  heat, 
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example,  passes  through  a  plate  of  alu 
sorption. 

The  diffusive  power  of  powders,  espe 
erable,  as  is  showD  by  the  following 
blished  by  Laprovostaye  and  Desains: 

DiFFDSlTI  Powo 
White-le&d,     .... 
Powdered  nlver, 
CbramAte  of  lead,    . 

riie  knowledge  of  this  property  enab 
it  which  is  felt  in  the  neighbourhood 

the  sun. 

Diffusion  takes  place  in  different  pr 
ectioD,  and  is  a  maximum  for  point 
pilarly-reflected  ray. 
The  intensity  of  the  diffused  rays  vari 
f  to  the  source  of  heat  employed.  Tl 
!  following  manner: — 
He  directed  a  ray  of  heat  upon  the  st 
'd  covered  with  a  substance  capable  > 
;k  of  the  disc  was  coated  with  lamp 
rts  had  acquired'their  permanent  temp 
coiTesponding  positions  first  before,  a 
to  receive  the  heat  due  to  both  radia 
c  in  the  first  case,  and  that  due  to  i 
vraa  found  that  the  ratio  of  the  two  ir 
0  positions  varied  very  much  accordir 
leiul  rule  being  that  the  ratio  of  the  ( 
s  greatest  when  the  source  of  heat  w 
nperature. 

921.  Peonliar  Property  of  Lamp-blaok.- 
^bi-med  with  a  card  covered  on  both  s 

found  that  the  difference  between  th 
:  two  positioDs  is  very  small.     This  d 

accounted  for  by  a  slight  difference  ( 

0  faces  of  the  disc.     We  may  therefon 

1  heat  has  been  absorbed  by  the  lamp-b 
I  been  confirmed  by  direct  experitnem 
'er  any  trace  of  reflecting  or  diffusiv 
rther,  in  the  above  experiment,  the  ra 
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tvo positions  of  the  pile  remains  constant  for  all  sourcea  of  heat; 
whence  we  see  that  the  absorption  of  rays  of  heat  by  lamp-black  ia 
in  &1I  cases  independent  of  the  nature  of  the  source.  We  thus  see 
tfie  advantage  of  applying  a  coating  of  lamp-black  to  all  thermoscopic 
sppftratus  intended  for  the  absorption  of  radiant  heat 

322.  Diathermancy. — It  has  long  been  known  that  some  of  the  heat 
&om  an  intensely  luminous  body,  like  the  sun,  could  pass  through 
certain  transparent  substances,  such  aa  glass ;  but  it  was,  till  recently, 
supposed  that  this  could  not  happen  in  the  case  of  dark,  or  even 
feebly  luminous  rays. 

Fictet,  of  Geneva,  wafl  the  first  to  establish  the  fact  of  diathermancy 
for  radiant  heat  in  general.  He  showed  that  a  thermometer  rose  in 
temperature  when  exposed  to  radiation  from  a  source  of  heat,  not- 
withstanding the  interposition  of  a  transparent  lamina ;  and  the  idea 
tbst  this  could  be  owing  to  the  absorption  and  subsequent  radiation 
of  beat  from  the  lamina  was  completely  exploded  by  Provost,  who 
showed  that  the  effect  occurred  even  when  the  interposed  substance 
was  a  sheet  of  ice.  It  is  to  Uelloni,  however,  that  we  are  indebted 
for  the  principal  results  which  have  been  obtained  in  connection  with 
this  subject 

323.  Inflnenoe  of  the  Nature  of  th«  Snbatanoe. — The  arrangement 
adopted  by  Uelloni  for  testing  the  diathermancy  of  a  solid  body  is 
that  shown  in  Fig.  292.     The  Locatelli  lamp  A  radiates  its  heat  upon 


pile  E  -when  the  screen  B  is  lowered;  the  hole  in  the  screen  C  is 
tbe  purpose  of  limiting  the  pencil  of  rays.  Direct  radiation  is 
t  allowe<J  to  take  place,  and  the  resulting  current  as  indicated  by 
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vanometer  G  is  noted.  The  dw 
ied  between  the  lamp  and  the  | 
id ;  the  ratio  of  the  latter  curren 
the  diathermancy  of  the  plate. 

e  case  of  liquids,  Melloni  employ 
thin  glass ;  the  rays  were  first  tr 
ind  then  through  the  same  ve3S< 
of  the  two  results  thus  obtained  1 
by  the  liquid.  Specimens  of 
I"  table :  — 


UI  TRAtlaillTTID   BT 

Cn,e 

lireot  he>(  is  repreaei 

Solids. 

Colovrleu  Olau. 

<Th.cl 

(Thloknw  1-8S  mm. 

3 from  67 

«, 62 

to  Si 
tofia 

Diiti 

uo  (Fwndi),  .     .     . 

SS 
i9 

to  60 

BS 
15 

19 
33 

AbM 

Snip] 

ri»». 

Colourtd  aiaa. 
(ThlokDM  1-8G  mm. 

.     5i 

Sulpl 
Spirit 
Pure 
Pure 
Solut 
Solut 
Solul 
Solut 
Solut 

* 

,  blue,  .... 

^ 

reen 

23 
26 
10 
14 
63 
fil 

3W 

Olive 

Chlor 

Pyro] 
Whit 

Cbtstallizkd  Boi 

(Thi«kn«.a'B3n.m.-Ap] 

ttofgli^aftli 

CaUmrleu. 

Smok 

12 

Aqo. 

B4 
G2 

oSUtA,    .... 
«i>d>, 

Sulpb 

20 

J, 

12 

DIATHERMANCT.  407 

It  will  be  seen  from  this  table  that  though  diathermancy  and 
transparency  for  light  usually  go  together,  the  one  is  far  from  being 
a  measure  of  the  other.  We  see,  for  instance,  that  colourless  nitric 
acid  is  much  less  diathermanous  than  strongly-coloured  chloride  of 
salphur;  and  perfectly  colourless  alum  allows  much  less  heat  to  pass 
than  deeply-coloured  glass  of  the  same  thickness.  Tyndall  has  shown 
that  a  solution  of  iodine  in  sulphide  of  carbon,  though  excessively 
opaque  to  light,  allows  heat  to  pass  in  large  quantity. 

The  substance  possessing  the  greatest  diathermanous  power  is  rock- 
salt,  which  allows  the  passage  of  '92  of  the  incident  heat.  Common 
sea-salt  only  allows  '12  to  pass.  No  such  difference,  however,  at- 
taches to  solutions  of  these  substances. 

The  diathermancy  of  gases  has  been  investigated  by  TyndalL  The 
gases  were  contained  in  a  long  metallic  tube  with  rock-salt  ends; 
and,  in  order  to  obtain  greater  sensitiveness,  a  compensating  cube 
filled  with  hot  water  was  employed.  This  cube  was  placed  at  such 
a  distance  from  one  end  of  the  thermo-pile  as  exactly  to  counter- 
balance the  effect  of  the  radiation  from  the  principal  source  of  heat 
when  the  tube  was  vacuous,  so  that  the  needle  of  the  galvanometer 
in  these  circumstances  stood  at  zero.  The  tube  was  then  filled  with 
diflerent  gases  in  turn,  the  compensating  cube  remaining  unmoved ; 
and  the  indications  of  the  galvanometer  were  found  to  vary  accord- 
ing to  the  gas  employed.  Compound  gases  stopped  more  than  simple 
ones;  the  vapours  of  aromatic  substances  increased  the  absorptive 
power  of  dry  air  from  30  to  300  fold,  and  a  similar  effect  was  pro- 
duced by  the  vapour  of  water,  air  more  or  less  charged  with  aqueous 
vapour  being  found  to  exercise  from  30  to  70  times  the  absorption 
of  pure  dry  air. 

It  is  probable  that  the  aqueous  vapour  which  is  always  present  in 
the  atmosphere  greatly  mitigates  the  heat  of  the  solar  rays,  and  also 
greatly  retards  the  cooling  of  the  earth  by  radiation  at  night.  On 
the  other  band,  vapour  being  a  better  absorber  is  also  a  better 
radiator  than  dry  air,  a  circumstance  which  conduces  to  the  cooling 
and  condensation  of  the  upper  portions  of  masses  of  vapour  in  the 
atmosphere,  and  the  consequent  formation  of  cloud. 

824.  Influence  of  Thickness. — From  the  experiments  of  Jamin  and 
Ifasson,  it  appears  that,  when  heat  of  definite  refmngibilitj'-  passes 
trough  a  plate,  the  amount  transmitted  decreases  in  geometrical 
progression  as  the  thickness  increases  in  arithmetical  progression ;  a 
result  which  may  also  be  expressed  by  sajdng,  that  if  a  plate  be 
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1  imaginatioa  into  laminee  of  equal  thickness,  the 
ibsorbed  to  the  heat  traoamitted  is  the  same  for  the 
case  of  mixed  radiation,  such  as  is  emitted  by  w 
sources  of  heat,  we  must  suppose  this  law^  to  hold 
onstituent ;  but  some  of  these  are  more  easily  absorh 
d  as  these  accordingly  diminish  in  amount  more 
others,  the  beam  as  it  proceeds  on  its  way  through  t 
character  which  fits  it  for  transmission  rather  than 
incfl  the  foremost  layers  absorb  much  more  than  t 
le  plate  be  of  considerable  thickness, 
case  of  bodies  which  are  opaque  to  heat,  absorpt 
are  mere  surface-actions.  But  in  diathermanous  Bui 
■e  seen,  absorption  goes  on  in  the  interior,  so  that 
irbs  more  heat  than  a  thin  one.  The  same  thing  ii 
adiation: — a  diathermanous  substance  radiates  i 
i  well  as  from  its  surface,  as  proved  by  the  fact  that 
ates  more  heat  than  a  thin  one  at  the  same  temper 
tlatioD  between  Radiant  Heat  and  Light. — The  pro 
which  particular  substances  select  particular  kinds 
ition  and  other  kinds  for  transmission,  was  called  b; 
•056  (literally  heat-colour),  from  its  obvious  analogy 
olour  in  the  case  of  light  A  piece  of  coloured  j 
selects  rays  of  certain  colours  (or  vibration-peri 
1,  and  transmits  the  rest,  what  we  call  the  colou 
g  determined  by  those  which  it  transmits, 
ow  believed  that  thermochrose  and  colour  are  nol 
;  but  essentially  identical.  Prismatic  analysis  shi 
I  of  refrangibilities  much  greater  and  much  less  th 
npose  the  luminous  spectrum.  The  spectrum  of  thi 
example,  extends  on  both  sides  of  the  visible  spec 
considerably  exceeding  the  length  of  the  visible  s 
he  invisible  ultra-violet  rays  can  be  detected  1 
action,  or  by  causing  tliem  to  fall  upon  certain  sii 
lorescent)  which  become  luminous  when  exposed 
t  have  exceedingly  small  heating  effect  The  heat 
ble  in  the  yellow  portion  of  the  spectrum,  strongs 
goes  on  increasing  in  the  invisible  portion  beyond 
ertain  point,  beyond  which  it  gradually  diminishi 
nappi-eciable. 
Id.  however,  be  an  error  to  suppose  that  there  L 
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spectrom  consisting  of  distinct  rays  from  those  which  form  the  lumin- 
ous spectrum,  and  that  the  two  spectra  are  superimposed  one  upon 
tbe  other.  There  is  every  reason  for  believing  that  the  contrary  is 
the  fiict,  and  that  the  radiations  which  constitute  heat  and  light  are 
essentially  identical  In  operating  upon  rays  of  definite  refrangibi- 
%,  it  is  never  found  possible  to  diminish  their  heating  and  illumi- 
nating powers  in  unequal  proportions;  an  interposed  plate  of  any 
partially  transparent  material,  if  it  stops  half  the  light,  also  stops 
liajf  tbe  heat 

It  is  tme  that  the  most  intense  heat  is  not  found  in  the  most 
luminous  portion  of  the  spectrum ;  but  it  is  probable  that  the  eye, 
like  the  ear,  is  more  powerfully  affected  by  quick  than  by  slow 
nbrations  when  the  amount  of  energy  is  the  same ;  and  as  a  treble 
note  contains  far  less  energy  than  a  bass  note  which  strikes  the  ear 
as  equally  loud,  so  a  blue  i-ay  contains  much  less  energy  than  a  red 
ay  if  they  strike  the  eye  as  equally  bright. 

The  invisibility — ^at  least  to  human  eyes — of  the  ultra-red  and 
nltrarviolet  rays  may  be  due  either  to  the  absorption  of  these  rays 
Wtbe  humours  of  the  eye  before  they  can  reach  the  retina,  or  to  the 
inability  of  our  visual  organs  to  take  up  vibrations  quicker  than  the 
violet  or  slower  than  the  red. 

A  body  at  a  low  temperature  (say  lOff*  C.)  emits  only  dark  heat. 
As  the  temperature  rises,  the  emission  of  dark  heat  becomes  more 
t^nei^ic,  and  at  the  same  time  ray^  of  a  more  refrangible  character 
are  added.  This  strengthening  of  the  rays  formerly  emitted,  with 
tte  continual  addition  of  new  rays  of  higher  refrangibility,  goes  on 
a«  long  as  the  temperature  of  the  body  continues  to  rise.  The  lumi- 
Wteity  of  the  body  begins  with  the  emission  of  the  least  refrangible 
jf  tbe  visible  rays,  namely  the  red,  and  goes  on  to  include  rays  of 
^ther  colours  as  it  passes  from  a  red  to  a  white  heat.  Tyndall,  by 
•bos  gradually  raising  the  tempei-ature  of  a  platinum  spiral,  obtained 
^He  following  measures  of  the  heat  received  in  a  definite  position  in 
'lie  dark  portion  of  the  spectrum : — 


ApfMuaneo  Heat 

ofSpimL  Received. 

Dark, 1 

Dwk, 6 

Faint  red, 10 

Don  red, 13 

Bed, 18 


Appearaiioe  Heat 

of  Spiral.  Reoeired. 

FuUred, 27 

Orange, 60 

YeUow, 93 

FaU  white, 122 


Oenerally  speaking,  the  rays  which  fall  within  the  limits  of  the 
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ictrum  are  the  most  transmisi 
of  the  complete  spectrum  or 
ly  the  reason  why  the  invisi 
igh  extending  to  a  considerat 
tensive  than  that  of  the  elec 
ably  been  absorbed  by  the  ea 
•y  glass  is  comparatively  opi 
ck-salt  surpasses  all  other  s 
■k  rays  beyond  the  red ;  and 
it  to  the  dark  rays  beyond  th 
tance  which  is  exceedingly  o 
tceedingly  transparent  to  vi 
■t  a  solution  of  iodine  in  snip 
ily  transparent  to  the  ultra-re 

nterest  was  excited  some  y< 
iltra-violet  rays,  when  they  fa 
V  lowering  of  refrangibility  v 
human  vision.  Akin  subseq 
it  was  possible,  by  a  convei 
Into  visible  rays,  and  TyndaU 
roperty  of  the  solution  of  iodi 
ation.  He  brought  the  rcya  ■ 
of  a  reflector,  and,  after  stop 
g  a  vessel  with  rock-salt  sid 
found  that  a  piece  of  platinui 
I  heated  to  incandescence,  and 
this  transformation  of  dark  n 
of  calorescence. 
ilective  Emiesion  and  Abaoi 
the  various  phenomena  whic 
tie  of  selective  radiation  and 
e  such  hypothesis  as  the  folli 
'hich  any  particular  substano 
36  capable  of  vibrating  freelj 
f  gases,  are  sharply  defined,  s 
lich  will  vibrate  in  unison  w 
itermediate  ones.  The  parti< 
i,  are  capable  of  executing  v 
ertain  limits;  so  that  they  mt 
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bodj  of  a  violin,  or  to  the  sounding-board  of  a  piano ;  and  these  limits 
(or  at  all  events  the  upper  limit)  alter  with  the  temperature,  so  as 
to  include  shorter  periods  of  vibration  as  the  temperature  rises. 

These  vibrations  of  the  particles  of  a  body  are  capable  of  being 
excited  by  vibrations  of  like  period  in  the  external  ether,  in  which 
case  the  body  absorbs  radiant  heat.  But  they  may  also  be  excited 
by  the  internal  heat  of  the  body ;  for  whenever  the  molecules  expe- 
ricDce  violent  shocks,  which  excite  tremors  in  them,  these  are  the 
vibrations  which  they  tend  to  assume.  In  this  case  the  particles  of 
the  body  excite  vibrations  of  like  period  in  the  surrounding  ether, 
and  the  body  is  said  to  emit  radiant  heat. 

One  consequence  of  these  principles  is  that  a  diathermanous  body 
is  particularly  opaque  to  its  own  radiation.  Rock-salt  transmits  92 
per  cent  of  the  radiation  from  most  sources  of  heat ;  but  if  the  source 
of  heat  be  another  piece  of  rock-salt,  especially  if  it  be  a  thin  plate, 
the  amount  transmitted  is  much  less,  a  considerable  proportion  being 
absorbed  The  heat  emitted  and  absorbed  by  rock-salt  is  of  exceed- 
ingly low  refrangibility. 

Glass  largely  absorbs  heat  of  long  period,  such  as  is  emitted  by 
bodies  whose  temperatures  are  not  sufficiently  high  to  render  them 
luminous,  but  allows  rays  of  shorter  period,  such  as  compose  the 
laminous  portion  of  the  radiation  &om  a  lamp-flame,  to  pass  almost 
entire.  Accordingly  glass  when  heated  emits  a  copious  radiation  of 
non*Iuminou3  heat,  but  comparatively  little  light. 

Experiment  shows  that  if  various  bodies,  whether  opaque  or  trans- 
parent, colourless  or  coloured,  are  heated  to  incandescence  in  the 
interior  of  a  furnace,  or  of  an  ordinary  coal-fire,  they  will  all,  while 
in  the  furnace,  exhibit  the  same  tint,  namely  the  tint  of  the  glowing 
ooals  In  the  case  of  coloured  transparent  bodies,  this  implies  that 
the  rays  which  their  colour  prevents  them  from  transmitting  from 
^iB  coals  behind  them  are  radiated  by  the  bodies  themselves  most 
copiously ;  for  example,  a  glass  coloured  red  by  oxide  of  copper  per- 
raits  onlj'  red  rays  to  pass  through  it,  absorbing  all  the  rest,  but  it 
does  not  show  its  colour  in  the  furnace,  because  its  own  heat  causes 
it  to  radiate  just  those  rays  which  it  has  the  power  of  absorbing,  so 
*bat  the  total  radiation  which  it  sends  to  the  eye  of  a  spectator,  con- 
•i^ing  partly  of  the  radiation  due  to  its  own  heat,  and  partly  of  rays 
*hich  it  transmits  from  the  glowing  fuel  behind  it,  is  exactly  the 
<*me  in  kind  and  amount  as  that  which  comes  direct  from  the  other 
Wits  of  the  fire.     This  explanation  is  verified  by  the  fact  that  such 
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leated  to  a  high  temperature  in  & 
it 

I  of  tourmaline  cut  parallel  to  thi 
up  the  rays  of  beat  and  light  wV 
s,  which  exhibit  opposite  propertii 
leae  portions  is  very  largely  absi 
3d  almost  entire.  Wlien  such  a 
it  is  found  to  radiate  just  that  def 
previously  absorbed ;  and  if  it  ia 
polarization  can  be  detected  in  tfa 
B  the  transmitted  and  emitted  1 
r,  and  thus  compose  ordinary  or  u 
im  analysis  as  applied  to  ga.*ies  fu 
[lustrations  of  the  equality  of  seleC' 
e  radiation  from  a  flame  coloured 
the  flame  of  a  spirit-lamp  with  ci 
—consists  mainly  of  vibrations  of 
to  a  particular  shade  of  yellow.  "^ 
1  between  the  eye  and  a  bright  li^ 

it  stops  that  portion  of  the  light 
'  period,  and  thus  produces  a  dark 
ctrum. 

[uense  number  of  dark  lines  exisi 
t,  and  no  doubt  is  now  entertunt 
in  the  outer  and  less  luminous  p 
'  gaseous  substances  which  vibrate 
dtiona  of  these  lines  in  the  spectn 
BW. — By  tliis  name  we  denote  th 
n  the  morning  on  the  leaves  of  ] 
!  in  spring  and  autumn.  We  havi 
uot  fall,  as  it  is  not  formed  in  th 

the  bodies  on  which  it  appears,  1 
Fter  the  sun  has  sunk  below  the 
adiation  to  the  sky.  The  lower! 
rs,  is  much  more  marked  for  grass, 
ir,  whose  radiating  power  is  con 
is  a  considerable  difference  of  t 
'  the  ground  and  the  air  at  the  h 
h!ch  is  found  by  observation  to  ai 
i  it  is  this  which  causes  the  depos 
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of  the  earth,  as  it  gradually  cools,  lowers  the  temperature  of  the 
adjacent  air,  which  thus  becomes  saturated,  and,  on  fui-ther  cooling, 
yields  up  a  portion  of  its  vapour  in  the  liquid  form.  If  the  tempei-a- 
ture  of  the  soil  falls  below  0""  C,  the  dew  is  frozen,  and  takes  the 
form  of  hoar-frost. 

According  to  this  theory,  it  would  appear  that  the  quantity  of  dew 
deposited  upon  a  body  should  increase  with  the  radiating  power  of 
itssuriace,  and  with  its  insulation  from  the  earth  or  other  bodies 
from  which  it  might  receive  heat  by  conduction,  both  which  con- 
clusions are  verified  by  observation. 

The  amount  of  deposition  depends  also  in  a  great  measure  on  the 
d^e  of  exposure  to  the  sky.  If  the  body  is  partially  screened,  its 
radiation  and  consequent  cooling  are  checked.  This  explains  the 
practice  whicti  is  common  with  gardeners  of  employing  light  cover- 
ings to  protect  plants  from  frost — coverings  which  would  be  utterly 
powerless  as  a  protection  against  the  cold  of  the  surrounding  air. 
The  lightness  of  the  dew  on  cloudy  nights  is  owing  to  a  similar  cause ; 
cloads,  especially  when  overhead,  acting  as  screen& 

The  deposition  of  dew  is  favoured  by  a  slight  motion  of  the  atmo- 
sphere, which  causes  the  lower  strata  of  air  to  cool  down  more 
Tapidly;  but  if  the  wind  is  very  high,  the  different  strata  are  so 
intenningled  that  very  little  of  the  air  is  cooled  down  to  its  dew- 
pointy  and  the  deposit  is  accordingly  light.  When  these  two  obstacles 
^  combined,  namely  a  high  wind  and  a  cloudy  sky,  there  is  no  dew 
atalL 
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Jondaetian. — When  beat  is  ap 

is  prop^ated  througli  the  &u1 
temperature,  which  is  first  pero 
«  portions.  This  transmission 
iffers  notably  from  radiation  (1 
neoiia;  and  (2),  in  exhibiting 
ision,  the  propagation  of  hea 
as  through  a  straight  bar. 

Definition  of  Condnctivity  or  fi 
ication  of  heat  to  one  end  of  th 
ong  time,  and  with  great  stead 
will  at  length  cease  to  rise  in 
the  temperatures  which  they  I: 
ish  two  stages  in  the  experii 
vhich  all  portions  of  tlie  bar  ar 
permanent  state,  which  may  si 

alteration.  In  the  former  sti 
it  is  receiving  more  heat  fron 
inding  bodiea  In  the  liitter  st 
leat  are  equal,  and  are  equal  nc 
ivery  small  portion  of  which  it 
e  permanent  state  no  further 
Ml  the  heat  which  reaches  an  i: 
jctioD,  and  the  heat  wliicli  res 
'  partly  by  radiation  and  air-c( 
older  neighbouring  particles. 
,  only  a  portion  of  the  heat  r 

of,  the  remainder  being  accu 
)o  raise  its  temperature. 
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In  order  to  obtain  results  depending  on  conduction  free  from  com- 
plications arising  from  differences  of  specific  heat  (§  340),  we  must, 
in  all  cases,  wait  for  the  permanent  state.  In  the  earlier  stage  great 
specific  heat  acts  as  an  obstacle  to  rapid  transmission,  and  a  body  of 
great  specific  heat  would  be  liable  to  be  mistaken  for  a  body  of  small 
oondactiyity. 

The  measurement  of  the  conductivity  of  a  substance  is  still  further 
simplified  by  making  the  flow  of  heat  through  it  take  place  entirely 
in  one  definite  direction  (that  is  to  say  in  parallel  lines),  avoiding  all 
cross-currents.  To  this  end  it  is  necessary  that  all  points  in  the  same 
cross  section  should  have  the  same  temperature,  a  condition  which  is 
not  strictly  fulfilled  in  the  bar  above  described,  as  the  surface  will 
be  cooler  than  the  interior.  It  is  nearly  fulfilled  in  the  axial  portions 
of  the  bar,  and  it  is  very  nearly  fulfilled  in  the  central  portions  of  a 
imifonn  plate  whose  breadth  in  all  directions  is  a  very  large  multiple 
of  its  thickness,  when  the  whole  of  one  face  is  maintained  as  nearly 
as  practicable  at  one  uniform  temperature,  and.  the  other  faqe  at 
toother  uniform  temperature.  In  the  central  portions  of  such  a 
plate,  the  flow  of  heat  will  be  perpendicularly  through  the  plate;  and 
when  the  permanent  state  has  arrived,  the  amount  of  heat  that  passes 
in  a  unit  of  time  through  a  cross  section  of  area  A,  will  be  expressed 
bf  the  formula 

^here  x  is  the  thickness  of  the  plate,  ^ ^  and  t^  the  temperatures  of  its 
tvo  fiices,  and  k  a  coefficient  depending  on  the  material  of  the  plate. 
This  coefficient  k  is  the  conductivity  of  the  material.  It  may  be 
defined  as  the  quantity  of  heat  which  fiows  in  unit  time  through  a 
CT088  section  of  unit  area,  when  the  thickness  of  the  plate  is  unity, 
a?id  (yneface  is  warmer  by  J®  than  the  other} 

*  Hie  method  of  taking  account  of  conductivity  during  the  variable  stage  may  be  illns- 
tAted  by  considering  the  simpleat  case, — that  in  which  the  flow  of  heat  is  in  parallel  lines. 

Let  X  denote  distance  measured  in  the  direction  in  which  heat  is  flowing,  v  the  tem- 
pt^itore  at  the  time  t  at  a  point  specified  by  x^  k  ther  conductivity,  and  c  the  thermal 
^=*P^y  per  unit  volume  (both  at  the  temperature  v).     Then  the  flow  of  heat  per  unit  time 

put  a  croM  section  of  aiea  A  is  ~  2;  A  -j-^,  and  the  flow  past  an  equal  and  parallel  section 

ax 

Anther  on  by  the  small  distance  SxIb  greater  by  the  amount 

^  latter  expfeinon  therefore  represents  the  loss  of  heat  from  the  intervening  prism  A  ix, 
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tea'  experiments  liave  ahown  i 
>  is  not  the  same  at  all  temperal 
Dove  formula  denotes  the  avei 
ratures  t^  and  t^.  The  variatio 
i,  however,  comparatively  small 
.  Differences  of  Conduotivity.— ' 
adduced  in  illustration  of  the 
int  solids. 

0  hars  of  the  same  size  but  of  d 

1  end  to  end,  and  small  woode 
auder-surfaces  at  equal  distam 
iir  contiguous  ends,  and,  as  the 


Fig.  l«S.-B>tll>  H 

nelts,  and  the  balls  snccessiyel 
lued  till  the  permanent  state  ai 
1  that  the  bar  which  has  lost  a 
ally  if  both  bare  have  been  coat 
ke  their  radiating  powers  equal 
I  well-known  experiment  of  Ir 
[iparatua  consists  of  a  copper  b( 
faces,  in  which  rods  of  differei 

I  resulting  fall  of  tempentiire  u  the  qaol 
nhich  qaotieDt  U 

en,  ii  the  (all  of  temperatnM  per  unit 
I  a  imall  enough  (o  kdinit  ol  our  t^;»i 

di     c  dx 

f>pUe»  approximately  to  the  vaiutioiu  of  t 
h,  X  being  in  thii  ca«e  tncMored  TeitiotUj 
tog.  Sac.  Edi*.  toL  zzii.  part  iL  p.  438. 
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rods  liaving  previously  been  coated  with  wax,  tfae  box  is  filled  with 
boiling  v^ter,  which  comes  into  contact  with  the  inner  ends  of  the 
nxk    The  wax  gradually 

melts  as  the  heat  travels 

tiloDg-the  nxk ;  and,  if  the 

esperiment    is  continued 

till  the  melting  reaches  it^ 

limit,  those  rods  on  which 

it  bas  extended   furthest 

«ie,genendly  speaking,  the  ^  aw.-i»«mh™.-.  Appmt™. 

best  conductors. 
It  is  thus  found  that  metals  are  unequally  good  conductor  of  heat, 

and  that  they  may  be  arranged  in  the  following  order,  beginning  with 

the  best  conductors: — Silver,  copper,  gold,  brass,  tin,  iron,  lead, 
platmtim.,  bismuth. 

In  both  these  experiments  we  must  beware  of  attempting  to 
measure  conductivity  by  the  qudckneea  with  which  the  melting 
advances.  This  quickness  may  be  simply  an  indication  of  small 
specific  beat.^ 

330.  Oonducting  Power  of  Metsla. — Metals,  though  differing  con- 
liderably  one  from  another,  are  as  a  class  greatly  superior  in  con- 
iuctivity  to  other  substances,  such  as  wood,  marble,  brick.  This 
splains  several  familiar  phenomena.  If  the  hand  be  placed  upon  a 
Detal  plate  at  the  temperature  of  10"  C,  or  plunged  into  mercuiy  at 
[lis  temperature,  a  very  marked  sensation  of  cold  is  experienced. 
"h'js  sensation  is  less  intense  with  a  plate  of  marble  at  the  same 
mperature,  and  still  less  with  a  piece  of  wood.  The  reason  is  that 
ie  hand,  ^hich  is  at  a  higher  temperature  than  the  substance  to 
hicb  it  is  applied,  gives  up  a.  portion  of  its  heat,  which  is  conducted 
vay  hy  the  substance,  and  consequently  a  larger  portion  of  heat  is 
rted  witb,  and  a  more  marked  sensation  of  cold  experienced,  in  the 
ie  of  the  body  of  greater  conducting  power. 

331.  Davy  Lamp. — The  conducting  power  of  metals  explains  the 
ious  property  possessed  by  wire-gauze  of  cutting  off  a  ffame.     If, 

example,  a  piece  of  wire-gauze  be  placed  above  a  jet  of  gas,  the 
ae  is  prevented  from  rising  above  the  gauze.  If  the  gas  be  first 
wed  to  pass  through  tfae  gauze,  and  then  lighted  above,  the  fiiime 
it  off  from  the  burner,  and  is  unable  to  extend  itself  to  the  under- 
ace  of  the  gauze.  These  facts  depend  upon  the  conducting  power 
strictly  spokins,  mall  tptcific  heat  ptr  ttnif  xolmat,  not,  u  usaal,  -per  unit  mat. 
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yae  of  which  the  heat  of  the  flame  is 

of  contact,  the  resolt  being  a  dimini 

temperature  ai 

i  to  prevent  igi 

J/HU^m        metallic    gau 

been   turned 

count  for  varii 

poses,   but  i\ 

useful   applic 

in  the  safety- 

t^-m  <m  Fhnu.  Sir  Humphre 

It  is  "well 

mp  is  often  given  off  in  coal-minea 

1  hydrogen,  and  is  a  large  ingredient 

mixed  with  eight  or  ten  times  its  v( 
violence  on  coming  ia  contact  with  s 
body.  To  obviate  this  danger,  I 
vented  the  safety-lamp,  which  is 
nary  lamp  with  the  flame  incl< 
wire -gauze.  The  explosive  gsi 
through  the  gauze,  and  burn  in 
lamp,  in  such  a  manner  as  to  v 
miner  of  their  presence;  but  the 
unable  to  pass  through  the  gauz& 
332.  Variooa  Applioations. — Th 
ledge  of  the  relative  conducting 
of  different  bodies  has  several  ii 
practical  application  a 

In  cold  countries,  where  the  I: 

duced  in  the  interior  of  a  house  s 

as  far  as  possible  prevented  from  i 

the  wails  should  be  of  brick  ( 

which  have  feeble  conducting  poi 

is  a  better  conductor,  a  greater  i 

i  are  also  useful  in  hot  countries  in 

\y9  during  the  heat  of  the  day. 

led  (§  224)  to  the  advantage  of  ei 

1  conductor,  as  a  lining  for  stoves. 
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The  feeble  conducting  power  of  brick  has  led  to  its  employment 
in  the  constraction  of  ice-houses.     These  are  round  pits,  generallT 
&Dm  6  to  8  yards  in  diameter  at 
top,  aod  somewhat  narrower  at 

the  bottom,  where  there  is  a  grat- 
ing- to  allow  the  escape  of  water. 

The  inside  is  lined  with  brick,  and 

the  top   is  covered  with  straw, 

wiiich,  as  we  shall  shortly  see,  ia 

a  bad  condnctor.      In  order  to 

diminish  as  much  as  possible  the 

extent  of  surface  exposed  to  the 

action  of  the   air,  the   separate 

pieces  are  dipped  in  water  before 

depositing  them  in  the  ice-house, 
and,  by  tbeir  subsequent  freezing 
together,  a  solid  mass  is  produced, 
capable  of  remaining  unmelted 
for  a  very  long  tiraa 

333.  Experimental  Determiiu-  p^  j,,  _i„i™„ 

tfon  o/Condoetivity. — Several  ex- 
perimenters have  investigated  the  conductivity  of  metals,  by  keeping 
3De  end  of  a  metallic  bar  at  a  high  temperature,  and,  after  a  sufficient 
lapse  of  time,  observing  the  permanent  temperatures  assumed  by 
lifierent  points  in  its  length. 

If  the  bar  is  so  long  that  its  further  end  is  not  sensibly  warmer 
ban  the  surrounding  air,  and  if,  moreover,  Newton's  law  of  cooling 
«  assumed  true  for  all  parts  of  the  sniface,  and  all  parts  of  a  cross 
xtion  be  assumed  to  have  the  same  temperature,  the  conductivity 
eJDg  also  assumed  to  be  independent  of  the  temperature,  it  is  easily 
Lown  that  the  temperatures  of  the  bar  at  equidistant  points  in  its 
ngtb,  beginning  from  the  heated  end,  must  exceed  the  atmospheric 
mperature  by  amounts  forming  a  decreasing  geometric  series. 
iedemann  and  Franz,  by  the  aid  of  the  formula  to  which  these 
sumptions  lead,^  computed  the  relative  conducting  powers  of  several 

If  p  anil  M  denote  the  perimeter  »nd  section  of  the  bar,  i  the  conductivity,  uid  A  t^ 
ScieDt  of  emission  of  the  tiufue  M  the  tampentore  v,  the  he&t  emitted  in  anit  time 
1  the  length  Sx  it  hvplx,  if  w  umme  aa  oai  lero  of  tempenttuie  the  tempera- 
of  tba    aiuToanding  air.    Bat  the  fae&t  which  pawei  a  leetion  ia  it  ~j~,  and  that 
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of  tfae  metals,  from  experiments  o: 
heated  at  one  end,  the  temperature 
beiog  determined  by  means  of  a  tbi 
the  bar.     The  following  were  the  p 
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saw,   .  . 

.     ...  100 

Coppw,  .    . 

.     .     .     .     77-» 

Gold,.     .     . 

.     .    .    .     68-2 

BrM.,      .     . 

.     ...    88 

Zinc,  .     .    . 

.     .    .     .    19-9 

Tin,    .    .    . 

.    .    .    .     US 

The  ahaoluU  condnctivity  of  wn 
great  care  by  Professor  J.  D.  Fori 
some  of  the  questionable  assumptii 
of  the  bar  was  heated  by  a  bath  o1 
temperature,  screens  being  interpof 
from  the  heat  radiated  by  the  b: 
points  were  observed  by  means  of 
holes  drilled  in  the  bar,  and  kept  i 
In  order  to  determine  the  loss  of  h 
peratures,  a  precisely  similar  bar,  y 
v/aa  raised  to  about  the  temperate 
cooling  down  through  different  ranj 

The  conductivity  of  one  of  the  t 
from  -01337  at  0°  C,  to  00801  at 
numbers  for  the  other  bar  were  -0 
the  foot,  the  minute,  the  degree  (of 
(of  the  same  scale).  In  both  insti 
regularly  with  increaj^e  of  temperat 

Absolute  determinations  have  ah 
of  the  soil  or  rock  at  three  locaIiti< 

which  passes  a  section  further  on  by  the  unoai 

this  difTerence  must  equal  the  amaunt  emitted 

Hence  we  hare  the  equation  ~^=  ^v,  the  L 
dx'      jtl 
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feasor  Forbes  and  Sir  W.  Thomson.    When  expressed  in  terms  of  the 
above  units^  they  are — 

Trap-rock  of  Calton  Hill, '000268 

Sand  of  Experimental  Garden,         ....     '000169 
Sandstone  of  Cndgleith  Quany,       ....     '000689 

These  determinations  were  derived  from  observations  on  the  tem- 
perature of  the  soil  as  indicated  by  thermometers  having  their  bulbs 
boned  at  depths  of  from  3  to  24  feet.  The  annual  range  of  tem- 
perature diminished  rapidly  as  the  depth  increased ;  and  this  diminu- 
tion of  range  was  accompanied  by  a  retardation  of  the  times  of 
maximum  and  minimum.  To  deduce  the  conductivity,^  it  was 
necessary  first  to  reduce  the  annual  variation  of  each  thermometer 
to  the  sum  of  a  number  of  terms  each  of  which  would  express  a 
simple  harmonic  variation  or  simple  vibration  (§  53  a),  the  most 
important  of  these  being  the  annual  term,  which  represents  a  simple 
vibration  whose  period  is  a  year.     By  comparing  the  amplitudes  of 

this  term  at  two  different  depths,  we  obtain  the  value  of  -,  k  de- 
noting conductivity,  and  c  capacity  per  unit  volume ;  and  another 
independent  determination  of  the  same  element  is  obtained  by  com- 
paring the  epochs,  in  other  words  by  noting  the  retardation  of  phase 
which  this  term  undergoes.  The  value  of  c  was  determined  by  direct 
experiments  conducted  by  Regnault,  and  lastly,  this  value  multi- 
plied by  —  gave  the  conductivity  k 

884.  Coiiducting  Powers  of  Liquids. — With  the  exception  of  mer- 
cury and  other  melted  metals,  liquids  are  exceedingly  bad  conduc- 
tors of  heat.  This  can  be  shown  by  heating  the  upper  part  of  a 
column  of  liquid,  and  observing  the  variations  of  temperature  below. 
These  will  be  found  to  be  scarcely  perceptible,  and  to  be  very  slowly 
produced.  If  the  heat  were  applied  below  (Fig.  298),  we  should  have 
the  process  called  convection  of  heat;  the  lower  layers  of  liquid  would 
rise  to  the  surface,  and  be  replaced  by  others  which  would  rise  in 
their  turn,  thus  producing  a  circulation  and  a  general  heating  of  the 
luiuid.  On  the  other  hand,  when  heat  is  applied  above,  the  expanded 
byers  remain  in  their  place,  and  the  rest  of  the  liquid  can  be  heated 
by  conduction  and  radiation  only. 

^  Hie  jirooeM  of  redaction  is  fully  explained,  both  theoretically  and  practically,  in  two 
^^tn  (by  Six  W.  Thomson  and  the  Editor  of  this  work)  in  the  Trans,  Hoy,  8oc  Edin, 
lfl». 


The  following  experiment 
ducting  power  of  water,    A  p 


Fl(.  »8.— LiquJd  imtai  boai  btlow. 

glass  tube  (Fig.  299),  which  is 
applied  to  the  middle  of  the  t 
is  readily  raiaed  to  ebullition, 
33S.  HeaBure  of  the  Condm 
conducting  heat  possessed  'by ' 
of  measurement.  This  was  es 
experiment  He  took  a  cylin 
height  and  eight  inches  in  dia: 
the  side  of  this  cylinder  were  a: 
another,  their  bulbs  being  all 
of  the  liquid  column.  Ou  th 
which  was  filled  with  water  a 
course  of  the  experiment 
observed  that  the  temperatui 
and  that  a  long  time — abou 
permanent  state  was  assumed 
formed  a  decreasing  geometi 
inappreciable  after  the  sixth  t 
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The  increuM  of  temperature  indicated  by  tbe  thermometers  mi^t 
b«  attributed  to  the  heat  received  from  the  sides  of  the  cylinder, 
thougti  the  feeble  conducting  power  of  wood  renders  this  idea  some- 


Pif.  SW.— Darnu'a  EipHiiiMiit. 

what  improbabia  But  Despretz  observed  that  the  temperature  was 
higher  in  the  axia  of  the  cylinder  than  near  the  aides,  which  proves 
that  the  elevation  of  temperature  waa  due  to  the  passage  of  heat 
lownwards  through  the  liquid. 

From  recent  experimentfl  by  Professor  Guthrie,'  it  appears  that 
rater  conducts  better  than  any  other  liquid  except  mercury. 

336.  CoDdnoting  Power  of  Gases. — Of  the  conducting  powers  of 
aaes  it  is  almost  impossible  to  obtain  any  direct  proofs,  since  it  is 
Lceediogly  dilEcult  to  prevent  the  interference  of  convection  and 
irect  radiation.  However,  we  know  at  least  that  they  are  exceed- 
gly  bad   conductors.     In  fact,  in  all  cases  where  gases  are  inclosed 

small  cavities  where  their  movement  is  difficult,  the  system  thus 
rmed  is  a  very  bad  conductor  of  heat  This  is  the  cause  of  the 
;ble  conducting  powers  of  many  kinds  of  cloth,  of  fur,  eider-down, 
t,  straw,  saw-dust,  &a  Materials  of  this  kind,  when  used  as 
icJes  of  clothing,  are  commonly  said  to  .be  worm,  because  they 
ider  tbe  heat  of  the  body  from  escaping.   If  a  garment  of  eider-down 

*S.l.  Report,  1888,  juid  Tram.  B.  S.  1889. 
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or  fur  were  compressed  so  as  to  expel  the  greater  part  of  the  air,  and 
to  reduce  the  substance  to  a  thin  sheet,  it  vould  be  found  to  be  a 
much  less  warm  covering  than  before,  having  become  a  better  con- 
ductor. We  thus  see  that  it  is  the  presence  of  air  which  gives  these 
substances  their  feeble  conducting  power,  and  we  are  accordingly 
justified  in  assuming  that  air  is  a  bad  conductor  of  heat 

337.  Norwegian  Stove. — A  curious  application  of  the  bad  con- 
ducting power  of  felt  is  occasionally  to  be  seen  in  the  north  of 
Europe,  in  a  kind  of  self-acting  cooking-box.  This  ia  a  box  lined 
inude  with  a  thick  layer  of  felt,  into  which  fits  a  metidlic  dish  with 


Fig.  301.— Normgliui  C»Un;t»x. 

a  cover.  The  dish  is  then  covered  with  a  cushion  of  felt,  eo  as  to  be 
completely  surrounded  by  a  substance  of  very  feeble  conducting 
power.  The  method  of  employing  the  apparatus  is  as  follows : — Tlie 
meat  which  it  is  desired  to  cook  is  placed  along  with  some  water  in 
the  dish,  the  whole  is  boiled  for  a  short  time,  and  then  transferred 
from  the  fire  to  the  box,  where  the  cooking  is  completed  vntiunU  any 
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farilier  application  of  heat     The  isolating  power  of  the  stuffing  of 
the  box,  as  far  as  regards  heat,  is  exceedingly  great;  in  fact,  it  may 
be  shown  that  at  the  end  of  three  hoars 
the  temperature  of  the  water  has  fallen  by 
only  i^ut  10°  or  15°  C,  and  has  accord- 
ingly remained  during  all  that  time  suffi-  , 
eiently  high  to  conduct  the  operation  of 
looting. 

338.  CoQdnotivity  of  Hydrogen. —The 
cooiiacting  power  of  hydrogen  is  much 
superior  to  that  of  thb  other  gases — a  fact 
which  agrees  with  the  view  entertained 
by  chemists,  that  this  gas  is  the  vapour 
of  a  metaL  The  good  conductivity  of 
hydrogen  is  shown  by  the  following  expe- 
riments :  — 

1.  Within  a  glass  tube  (Fig.  302)  is 
stretched  a  thin  platinum  wire,  which  is 
raised  to  incandescence  by  the  passage  of 
an  electric  current  When  air,  or  any  gas 
other  than  hydrogen,  is  passed  through 
:he  tube,  the  incandescence  continues, 
■bough  with  less  vividness  than  in  vacuo ; 
>nt  it  disappears  as  soon  as  hydrogen  is 
mployed. 

2.  A  thermometer  is  placed  at  the  bot- 
im  of  a  vertical  tube,  and  heated  by  a 
essel  containing  boiling  water  which  is 
aced  at  the  top  of  the  tube.  The  tube 
exhausted  of  air,  and  different  gases 
e  successively  admitted  In  each  case 
s  indication  of  the  thermometer  is  found 

,       ,  ..  r  .       .  «B-  aoa— CcoUng  l)T  CoDtut 

be  lower  than  lor  vacuum,  except  when  of  Hydmgm. 

!  gas  is   hydrogen.     With  this  gas,  the 

Terence   is  in  the  opposite  direction,  showing  that  tlie  diminution 

ra^ii&tion  has  been  more  than  compensated  by  the  conducting 

rer  of  the  hydrogen. 


CHAPTE] 


389.  Qoantities  of  Heat.— Calori 
of  quantities  of  heat.  This  can 
sfiBumption  as  to  what  heat  i&  ] 
identifying  equal  quantities. 

If  two  different  thermic  actions, 
the  other  combustion,  when  sepa: 
pound  of  water,  raise  its  temperat 
we  say  that  the  water  ifeceives  eqi 
ftnd  the  quantity  of  heat  requirec 
0°  C  to  1°  C.  would  be  m  times  as 

In  order  to  test  whether  the  qu 
temperature  of  a  pound  of  water 
temperatures  of  the  water,  we  ma 
Let  us,  for  example,  mix  3  lbs.  of 
observe  the  temperature  of  the  i 
denoted  by  x,  the  3  lbs.  have  risen 
6  Iba.  have  fallen  through  the  ra 
involves  the  same  gain  or  loss  of  1 
tity  of  heat  gained  by  the  3  lbs. 
and  the  heat  lost  by  the  5  Iba  will 
what  the  one  has  gained  the  other 

whence 

Calculation,  based  on  this  principl 
with  experiment  up  to  about  40° 
v/nit  of  heat  as  the  qua/ntity  of  kea 
of  unit  maas  of  water  1",  between 


THERMAL  CAPACITY.  427 

Seyer&l  different  units  of  heat  are  employed,  all  having  reference 
to  pure  water  between  these  limits  of  temperatara 

The  gramme-degree  (Centigrade)  is  the  quantity  of  heat  required 
to  raise  a  gramme  of  water  1^  (Centigrade). 

The  kilogramme-degree  (Centigrade)  is  the  heat  required  to  raise 
a  kilogramme  of  water  1°  (Centigrade).  It  is  sometimes  called  the 
calorie. 

The  pound-degree  (Fahrenheit  or  Centigrade)  is  the  heat  required 
to  raise  a  pound  avoirdupois  of  water  V. 

The  foot-degree  (Fahrenheit  or  Centigrade)  is  the  heat  required  to 
raise  a  cubic  foot  of  water  1^ 

We  shall  briefly  describe  in  this  chapter  three  of  the  most  important 
applications  of  calorimetry : — 

1.  In  connection  with  changes  of  temperature  (specific  heat) ; 

2.  In  connection  with  change  of  state  (latent  heat) ; 

3.  In  connection  with  chemical  actions  (heat  of  combination). 
340.  Thermal  Capacity — Specific  Heat. — The  thermal  capacity  of  a 

body  is  the  quantity  of  heat  required  to  raise  th^  temperature  of  the 
body  one  degree.  It  is  numerically  equal  to  the  mass  or  volume  of 
water  (according  to  the  unit  of  heat  employed)  which  would  be  raised 
one  degree  by  the  same  quantity  of  heat 

The  specific  heat  of  a  substance  is  the  thermal  capacity  of  unit  mass 
of  tlie  substance,  or,  more  simply,  is  the  ratio  of  the  thermal  capacity 
of  the  substance  to  that  of  an  equal  weight  of  water.  It  is  obviously 
independent  of  the  unit  of  mass  and  scale  of  temperature  adopted. 

It  is  sometimes  necessary  to  consider  the  thermal  capacity  of  unit 
volume  of  a  substance.^  This  will  be  the  same  as  the  ratio  of  the 
thennal  capacity  of  the  substance  to  that  of  an  equal  volume  of  water, 
if  we  employ  as  unit  of  heat  the  heat  required  to  raise  unit  volume 
of  water  one  degree.  In  discussions  relating  to  conduction,  if  the 
fbot  be  made  the  linear  unit,  the  unit  of  heat  employed  should  be  the 
beat  required  to  raise  a  cubic  foot  of  water  one  degree.  Thermal 
capacity  per  unit  volume  is,  like  thermal  capacity  per  unit  nlass, 
ixMiependent  of  the  units  employed,  provided  they  are  employed 
eoQsisteDtly. 

Experiment  shows  that  nearly  equal  quantities  of  heat  are  required 
to  raise  a  body  through  V  at  all  temperatures  between  0""  C.  and 


M  evidently  equal  to  tpeei/le  heal  multiplied  by  dennty;  that  is,  to  the  thermal 
of  unit  nuuM  multiplied  by  the  number  of  nnite  of  mau  which  are  contained  in  a 
cf  Tcdume. 
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100°  C;  in  other  words,  epecii 
temperature  between  these  limi 
he  added  to  or  taken  from  a  b 
by  T°  will  therefore  be  proporl 
by  the  formula 


where  W  denotes  the  weight  of 

product  WS  is  the  thermal  caj 

The  specific  heats  of  differe 

one  another.     This  is  easily  tes 


ng.  S03.— B^m  HsItlDg  tbsir  n;  through  1 

the  disc  be  moderately  thick,  t 
As  another  example  we  may 
serves  to  show  the  great  difieri 
cury  and  that  of  water. 

A  kilogramme  of  water  at  10 
are  poured  into  the  same  vessel 
perature  of  the  whole  is  then  £ 
gained  3  units  of  heat,  which 
and  this  loss  has  caused  the  tei 

'  Critical!;  conBidered,  Oas  eiperitue: 
nwteiial,  because  tbe;  Iutb  not  to  mkke 
in  order  to  get  through.  It  the  l»lla  m 
tost  of  their  thtrraal  eapaciiia  per  unit  t 
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ST.  Thus  we  see  that  the  specific  heat  of  mercury  is  about  A  t  ^ 
that  of  water  being  unity.' 

Id  order  to  determine  this  element  exactly,  a  number  of  minute 
pnaationa  are  required;  in  &ct,  the  experiment  just  described  is  to 
be  regarded  merely  as  a  means  of  readily  exhibiting  the  difference 
between  the  specific  heats  of  the  two  bodies.  The  methods  of  accur- 
»tsly  determining  specific  heats  are  Tarious ;  tfc  shall  describe  only 
two  of  theiQ. 

Ml.  Hetbofl  by  Fusion  of  Ice. — A  hole  is  scooped  in  a  solid  block 
<iSke,  and  a  lid  of  the  same  substance  ia  fitted  over  it     A  body  of 
vei^t  W  is  heated  to  a  temperature  T  and 
fiieed  in  the  hole,  which   is   immediately 
(overed  with  the  lid.     The  body,  in  cooling 
ivwu  ia  0°,  gives  off  a  quantity  of  heat  which 
melts  some  of  the  ice.     The  water  thus  ob- 
lained  is  wiped  up  with  cottoa  wool,  which 
■s  then  weighed,   having   previously  been     - 
Weighed  dry.     If  the  weight  of  water  thus    pig,  soc-ia-biook  CBiDrtnuta. 
found  be  denoted  by  m,  the  quantity  of  heat 

necessary  to  produce  it  is,  by  §  228,  79  m.  But  this  heat  is  supplied 
'v  the  body,  and  has  produced  in  it  a  fall  of  temperature  amount- 
ing to  T°,  which  correspond  to  WST  units  of  heat,  S  being  the  spe- 
tifc  beat  of  the  body.     Hence  we  have  WST=79  in,  whence  S  = 

lliis  method  is  due  to  the  Swedish  philosopher  Wilke,  and  is  dif- 
tn))t  of  application  in  our  climate.  An  apparatus,  based  on  the  same 
i'fneiple,  and  called  the  ice-calorimeter,  was  employed  by  Lavoisier 
^  Laplace,  and  has  recently  been  improved  by  Bunsen  {Phil.  Mag. 
Wi,  1871). 

3iZ  Ketbod  of  HiztureB — Its  Principle. — The  method  of  mixtures 
■^^bles  the  experiment  which  we  have  ah-eady  described  as  illus- 
■^ng  the  difference  between  the  specific  heats  of  mercury  and  water.* 

Tie  qiecific  heat  of  mercury  ia  almort  anujtly  jVi  "^  table  §  344. 

'  ^  "flghta  w,  f'  of  two  aubgtuicea  whose  specific  heats  aie  i,  i  and  tempentures  t,  f, 

c-  aind^  (jie  mbBtances  being  supposed  not  to  act  cbemically  on  one  another,  and  no 

M  UsBg  gained  or  lost  eztemally,  it  is  easily  shown  that  the  temperature  ol  the  mixtuK 

wit  +  nli'lf   . 

*'■  ^  sppendrng  adilitianal  tenns  to  numerator  and  denominator,  the  formula  beoooe* 
"tiaUe  ta  »  mixtnie  of  any  number  of  Eubstances. 


A  body  of  a  known  we: 
and  then  plunged  into  a 
perature  t,  which  is  contaii 
As  T  IB  supposed  to  exceei 
immersion  of  the  body,  an< 
which  13  noted  In  the  ci 
qnantity  of  beat  equal  to 
a  quantity  equal  to  W  a:  ( 
Equating  these  two  quant 

whence 


343.  Sources  of  Error.- 
mixtures;  but,  upon  dose 
equation  (a),  for  various  n 
mate. 

I.  The  equation  assumes 
the  body  and  the  water,  ■« 

1.  The  body  is  often  coi 
with  it,  and  thus  fumiahes 

2.  The  heat  of  the  bodj 
in  the  calorimeter,  but  par 
meter,  and  to  such  other 
experiment,  as,  for  instaai 
of  establishing  uniformity 

The  equation  for  the  mo 
We  have  only  to  express  t 
body  and  its  envelope  is 
calorimeter,  the  thermome 

Let  W  denote  the  weigi 
X  its  specific  heat,  m  the  ' 
W  the  weight  of  the  wat< 
calorimeter,  c  its  specific  h 
mometer,  c'  its  specific  he 
specific  heat,  v/"  the  weig 
heat,  0  the  final  temperatu 

Under  these  circumstani 

Wj!{T-S)  +  Bia(T- 
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whence  we  find 

The  above  equation  is  the  general  type  of  all  equations  which  occur 
in  questions  of  this  kind ;  the  only  difference  that  can  arise  is  in  the 
namber  of  the  terms^  since  each  term  represents  a  quantity  of  heat 
gained  or  lost  by  one  of  the  bodies  employed  in  the  experiment 

In  the  above  expression  for  x,  the  coefficient  of  (6 — Q  is  what  is  called 
the  ivater-equivalent  of  the  calorimeter,^  representing,  in  fact,  a  mass 
of  water  such  that,  supposing  it  to  receive  exclusively  all  the  heat 
given  up  in  the  experiment,  a  thermometer  placed  in  it  would  indi- 
cate the  variation  of  temperature  actually  observed.  Among  the 
elements  which  enter  this  coefficient  are  the  specific  heat  of  the 
material  of  the  calorimeter  and  of  the  rod  for  stirring;  these  are 
generally  made  of  brass,  and  their  specific  heat  may  be  considered  as 
known  with  sufficient  approximation  from  previous  experimenta 
The  two  terms  connected  with  the  thermometer  may  be  directly 
determined  by  a  previous  experiment  with  a  body  whose  specific  heat 
is  known. 

IL  The  calorimeter,  when  heated  by  the  body  immersed  in  the 
^qnid,  loses  a  certain  quantity  of  heat  by  radiation,  which  must  be 
taken  into  account  if  we  wish  to  obtain  a  rigorous  result.  For  this 
pnrpose  a  very  simple  method  of  compensation  was  proposed  by 
Romford.  It  consists  in  lowering  the  initial  temperature  of  the 
calorimeter  below  that  of  the  surrounding  air  by  a  number  of  degrees 
equal  to  the  excess  of  the  final  temperature  above  that  of  the  sur- 
rounding air,  which  may  easily  be  effected  by  meaps  of  a  previous 
trial  In  this  case  the  experiment  may  be  divided  into  two  parts, 
during  the  first  of  which  the  calorimeter  gains  heat  by  radiation, 
while  during  the  second  it  loses  heat  by  the  same  process.  As  the 
difference  of  temperature  between  the  calorimeter  and  the  air  is 
the  same  in  both  cases,  we  may  consider  the  quantities  of  heat  as 
equal  The  compensation,  however,  is  not  exact,  since  the  two 
f^riods  are  of  unequal  length,  and  accordingly  the  method  adopted 
hymost  investigators  has  been  different.  This  consists  in  deter- 
mining the  constant  in  the  expression  for  the  rate  of  cooling  (§  807), 
w»d  employing  it  in  the  direct  calculation  of  the  number  of  degrees 
^  by  radiation.     In  order  to  effect  this  calculation,  instead  of  sup- 

^Tkk  k  qbIj  another  name  for  the  thermal  capacity  of  the  calorimeter  and  its  oontenis. 
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posing  the  variation  of  temperature  to  be  continuous,  they  divide 
the  entire  length  of  the  experiiuent  into  a  number  of  parts,  during 
each  of  which  they  suppose  the  excess  constant,  and  this  method  of 
approximation  is  always  found  to  be  sufficient 

III.  The  calorimeter  loses  heat  also  by  the  supports  on  vMch  it 
rests.  This  source  of  error  can  never  be  entirely  removed,  but  it  may 
easily  be  rendered  so  small  as  to  be  quite  insensible.  This  is  effected 
by  making  the  supports  of  some  substance  which  is  a  very  bad  con- 
ductor, and  bv  diminishing  the  extent  of  surface  of  contact  betveen 
them 
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the  cork  K,  through  which  passes  the  stem  of  a  thermometer,  the 
resenroir  of  which  rests  in  a  small  tube  in  the  centre  of  the  basket, 
and  made  of  the  same  material  The  steamer  is  a  double  cylinder, 
the  inside  compartment  B  of  which  is  filled  with  steam  supplied  by 
the  boiler  Y,  and  afterwards  conducted  by  the  tube  D  into  a  con- 
denser. In  the  bottom  of  the  steamer  is  a  sliding-door  £,  which  can 
be  drawn  out  when  required  The  outside  compartment  C  is  filled 
with  air,  to  prevent  the  temperature  of  the  inside  from  cooling  by 
contact  with  the  air  outside. 

This  entire  apparatus  rests,  by  means  of  a  sheet  of  cork,  upon  a 
hollow  metal  vessel  MN,  filled  with  water,  the  vertical  face  of  which 
N  serves  as  a  screen  to  protect  the  calorimeter  against  the  heat  of  the 
fir&  The  calorimeter  itself  is  a  vessel  of  very  thin  polished  brass,  rest- 
ing upon  silk  threads  stretched  across  the  bottom  of  a  larger  vessel. 
This  latter  rests  by  three  points  upon  a  small  wooden  sled,  which 
runs  smoothly  along  a  rail  The  thermometer  for  measuring  the 
temperature  of  the  water  in  the  calorimeter  is  carried  by  a  support 
attached  to  the  sled.  After  this  explanation  of  the  details^  we  pro- 
ceed to  indicate  the  course  of  an  experiment. 

The  body  is  placed  in  the  basket,  introduced  into  the  steamer,  and 
there  exposed  to  the  action  of  the  steam  which  is  admitted  from  the 
boiler.  During  this  part  of  the  experiment  the  calorimeter  is  kept 
as  far  as  possible  from  the  steamer.  After  the  lapse  of  an  hour  or 
two,  the  thermometer  of  the  steamer  remains  stationary. 

The  calorimeter  is  now  pushed  below  the  sliding-door  E,  the  door 
is  drawn,  and  the  basket  is  rapidly  lowered  into  the  calorimeter, 
which  is  immediately  slid  back  to  its  former  place.  The  basket  is 
moved  about  in  it  for  some  time,  and  the  final  temperature  of  the 
water  is  observed.  Thus  we  have  all  the  elements  required  for  the 
equation  given  above. 

To  determine  the  specific  heats  of  liquids,  a  thin  glass  vessel  is 
employed,  in  which  the  liquid  is  contained,  and  the  effect  pro- 
dnoed  by  this  envelope  is  taken  into  consideration  in  the  general 
equation. 

The  same  method  is  adopted  for  bodies  soluble  in  water,  or  upon 
which  water  has  a  chemical  action,  some  other  liqidd  being  in  this 
ease  substituted,  as,  for  instance,  oil  of  turpentine.  The  specific  heats 
<rf  aeverftl  substances  are  given  in  the  following  table : — 
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Water, 


.     1*00000 


y 


Solids. 


Antimony, 
Silver,     . 
Arsenic, 
BiBmuth, 
Cadmium, 
Charcoal, 
Copper,  . 
Diamond, 
Tin,    .     . 
Iron,  .     . 
Iodine,    . 


Mercuiy,     . 
Aoetio  acid. 
Alcohol  at  36** 


0-06077 
0-05601 
0-08140 
008084 
0-05669 
0-24150 
0-09215 
0-14680 
0-05623 
011879 
0-05412 

008332 

0-6589 

0-6735 


Brass,  .  . 
Nickel,  .  . 
Gold,  .  . 
Phosphorus, 
Platinum,  . 
Lead,  .  . 
Plumbago,  . 
Sulphur, 
Glass,  .  . 
Zinc,  .  . 
Ice,    .     .     . 


Liquids. 


Benzine,  .  .  . 
Ether,  .... 
Oil  of  turpentine^ 


0-09391 
0-10860 
003244 
0-18870 
0-0324S 
0-03140 
0-21800 
0-20259 
0-19768 
009555 
0-5040 

0-3952 
0-5157 
0-4629 


345.  Great  Specific  Heat  of  Water. — This  table  illustrates  the 
important  fact,  tbat^  of  all  substances,  water  has  the  greatest  spedfic 
heat;  that  is  to  say,  it  absorbs  more  heat  in  wanning,  and  gives  out 
more  heat  in  cooling,  through  a  given  range  of  temperature,  thui  an 
equal  weight  of  any  other  substance.  The  quantity  of  heat  which 
raises  a  pound  of  water  from  0*  to  100"*  C.  would  suffice  to  rwse  a 
pound  of  iron  from  0°  to  about  900°  C,  that  is  to  a  bright  red  heat: 
and  conversely,  a  pound  of  water  in  cooling  from  100**  to  0^  gives 
out  as  much  heat  as  a  pound  of  iron  in  cooling  from  900"^  to  0^  This 
property  of  water  is  utilized  in  the  heating  of  buildings  by  hot  water, 
and  in  other  familiar  instances,  such  as  the  bottles  of  hot  water  used 
for  warming  beds,  and  railway  foot-warmere. 

It  is  of  especial  importance  from  the  influence  which  it  exerts  on 
terrestrial  temperatures.  In  fact,  when  we  consider  this  property 
in  conjunction  with  those  which  have  been  indicated  in  §  §  228  and 
247,  we  perceive  that  all  the  thermic  modifications  which  water 
undergoes  are  accompanied  by  the  evolution  or  absorption  of  remark- 
ably large  quantities  of  heat.  If,  for  instance,  the  external  tem- 
perature rises,  much  of  the  additional  heat  is  consumed  in  warmiog 
the  water,  or  in  converting  it  into  vapour,  or  in  melting  ice.  It  on 
the  other  hand,  the  temperature  falls,  a  large  amount  of  heat  is  given 
up  to  the  air  by  the  cooling  of  the  water,  the  condensation  of  vapour, 
or  the  formation  of  ice.  In  both  cases,  the  change  of  temperature  is 
greatly  mitigated.  If  the  water  of  the  globe  were  removed,  the  dif- 
ference of  temperature  between  day  and  night,  and  between  summer 
and  winter,  would  very  far  exceed  what  are  observed  at  present 
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346.  Dulong  and  Petit's  Law. — Dulong  and  Petit  were  the  first  to 
obeerye  that  the  product  of  the  specific  heat  of  any  body,  and  what 
is  called  in  chemistry  its  atomic  weight,  is  constant.  This  law  is  of 
considerable  importance,  for  it  shows  that  atoms  require  each  the 
same  amount  of  heat  to  raise  them  through  the  same  number  of 
degrees.  In  fitct,  if  te;  be  the  atomic  weight  of  a  body,  and  c  its 
specific  heat,  the  quantity  of  heat  necessary  for  a  variation  of  tem- 
perature of  1**  is  cw,  and  it  was  this  product  which  Dulong  and  Petit 
found  to  be  constant. 

347.  Specific  Heats  of  Oases. — ^The  limits  of  this  treatise  do  not 
permit  us  to  enter  into  the  details  of  the  complicated  processes  by 
which  the  specific  heats  of  gases  have  been  determined.  It  is  neces- 
sary, however,  to  remark  that,  in  the  case  of  gases,  two  kinds  of 
specific  heat  must  be  distinguished. 

1.  Specific  Heat  at  Constant  Pressure. — This  is  the  quantity  of 
heat  required  to  raise  the  temperature  of  unit  weight  of  the  gas  by 
one  degree,  when  the  gas  is  allowed  to  expand  to  such  an  extent  that 
its  pressure  remains  unchanged  during  the  whole  operation  of  heating. 

i  Specific  Heat  at  Constant  Volume. — This  is  the  amount  of  heat 
required  to  raise  the  temperature  of  unit  weight  of  a  gas  by  one 
degree,  when  the  gas  is  compelled  to  retain  its  original  volume. 

The  former  of  these  exceeds  the  latter  by  the  amount  of  heat  con- 
sumed in  producing  the  expansion. 

A  similar  distinction  exists  in  the  case  of  liquids  and  solids,  but  it 
is  not  often  attended  to.  What  is  always  understood  by  specific  heat 
in  the  case  of  these  bodies  is  in  fact  their  specific  heat  at  constant 
pressora  The  resistance  of  solids  and  liquids  to  compression  is  so 
enormous  that  a  pressure  of  one  or  two  atmospheres  may  be  neglected 
>s  regards  its  effect  upon  their  temperature  and  thermal  capacity. 
But,  in  dealing  with  gases,  the  case  is  far  otherwise,  and  one  of  the 
fl^  important  data  for  the  solution  of  questions  in  gaseous  mechanics 
ii  the  ratio  of  their  two  specific  heats. 

The  best  experiments  on  the  specific  neats  of  gases  are  those  of 
Begnault.  They  have  established  the  two  following  conclusions  for 
specific  heat  at  constant  pressure : — 

(1)  The  specific  heat  (or  thermal  capacity  per  unit  mass)  of  one  and 
the  same  gas,  whether  simple  or  compound,  is  the  same  at  all  pres- 
•ureg  and  temperatures. 

(2)  The  specific  heats  of  different  simple  gases  are  approximately  in 
^  inverse  ratio  of  their  relative  densities  (§  220),  or  of  their  atomic 
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according  to  Duloog  and  Pet 
>reB8ed  by  saying  that  all  Hmi 

eapadty  per  unit  volume,  when  at  the  same  pressure  »nd 
ture, 

pecific  heat  of  dry  air  (at  con 
t,  is  '237i> ;  that  is  to  say,  the 
)f  air  is  2375  of  that  of  an  equi 
bove  conclusions  (1)  and  (2)  ar 
;  volume,  as  far  as  regards  simpl 
a  mechanical  mixture,  obeys 
'he  two  following  consequence 

tie  difference  between  the  two 

at  a  given  pressure  and  tern 
int  gasea 

he  ratio  of  the  two  specific  hei 
9  value  being  about  I'll, 
important  to  remark,  that  the 
t's  experiments  were  given  by 
t  aa  regards  the  constancy  of  sp< 

thus  stated: — If  equal  quant 
■>  a  gas  at  coTistant  pressure, 

in  arithmetical  progression. 
Relation  of  Freaaure  to  Volu 
—Boyle's  law  asserts  that  the  d( 
ressure,  when  the  temperature  i 
If  no  heat  is  allowed  to  enter 
(rill  rise  when  the  pressure  is  ir 
)  much  diminished  as  it  would  b< 

lae  that  a  quantity  of  gas  at  vol 

T,  receives  a  small  addition  of 
id  at  constant  pressure,  so  that  i 
erature  T+t,  its  pressure  being 
let  the  gas  be  compressed  witho 
},  till  its  volume  is  V  as  at  first ; 

+/3f,  and  its  pressure  P+p. 
low  sensibly  in  the  same  cond 
!  been  imparted  to  it  without  a) 
ilace;  so  that  the  same  quantity 
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elevation  of  temperature  t  at  constant  pressure,  would  produce  an 
elevation  t+fit  at  constant  volume.  The  specific  beats  are  inversely 
98  these  elevations  of  temperature;  hence  we  have 

Specific  heat  at  oonatant  pre8Bure_  i  .  /»  /o\ 

Specific  heat  at  constant  volume  ~       '^*  ^  ' 

To  determine  the  change  of  pressure,  we  have 

F-¥p_Y  +  v    l  +  o(T  +  <+^).       ,  V+r_l  +  a(T  +  l) 

hence 

P  l+aT  "  1  +  aT  ' 

therefore  |=^jl-^±^);  but  we  have  1=^-^; 

therefore 

^=(l+/3)f  (8) 

a  lesult  which  is  of  great  importance  in  connection  with  the  velocity 
of  sound  In  fact,  experiments  on  the  velocity  of  sound  have  fur- 
nished the  most  precise  determinations  hitherto  made  of  the  value  of 
1+/3,  which,  as  above  indicated,  is   the    ratio    of  specific  heat  at 

oonstant  pressure  to  specific  heat  at  constant  volume,  and  is  about 
1-41.^ 

S48.  Heat  of  Fusion. — The  method  of  mixtures  may  be  employed 
to  determine  the  quantity  of  heat  absorbed  by  a  body  in  its  passage 
from  the  solid  to  the  liquid  state.  For  instance,  a  piece  of  ice  at 
zero  is  carefully  weighed  and  plunged  into  water  contained  in  a 
calorimeter.  The  temperature  of  the  water  falls  until  a  certain  limit 
is  attained,  which  is  then  observed.  Suppose  now  that  we  have  the 
following  data: — 

m  the  thermal  capacity  of  the  calorimeter,  or  the  equivalent  of 
the caloriineter  in  weight  of  water;  t  its  initial  temperature;  0  its 
&al  temperature;  w  the  weight  of  the  ice;  x  the  latent  heat  of 
fiisioiL 

The  beat  required  to  melt  the  ice  is  wx,  and  the  heat  required  to 

'  It  M  easily  ahown,  by  integrating  equation  (3),  that  the  general  zelation  between 
^oinne  and  preasnre,  when  no  heat  enters  or  eacupeB,  is 


^:.  V.  denotiDg  the  Yolomes  at  pressures  P„  p.. 
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raise  the  water  which  it  yields  to  the  temperature  eiawd.  The  sam 
of  these  two  quantities  must  be  equal  to  m  (t—d),  the  heat  given  up 
by  the  calorimeter;  that  is, 

from  which  equation  x  is  easily  found.  Since  this  experiment  neces- 
sarily occupies  a  considerable  time,  the  radiation  from  the  calorimeter 
must  be  taken  into  account.  For  this  purpose  a  continual  series  of 
observations  is  taken  of  the  temperatures  indicated  by  the  thermo- 
meter immersed  in  the  liquid,  and  the  quantities  of  heat  gained  or 
lost  are  estimated  by  the  method  described  above  (§  343).  In  this 
way  the  heat  of  fusion  of  ice  was  fixed  by  Laprovostaye  and 
Desains  at  79*25  Centigrade,  which  is  equivalent  to  142*65  Fah- 
renheit. 

When  the  body  melts  at  a  high  temperature,  the  method  is  reversed; 
the  body  is  first  melted,  and  then  immersed  in  the  calorimeter.  In 
doing  this,  precautions  must  be  taken  to  prevent  the  vaporization  of 
a  portion  of  the  water;  for  instance,  the  body  may  be  inclosed  in  a 
small  thin  box  which  is  not  completely  opened  until  towards  the 
close  of  the  experiment  Suppose  we  have  W,  the  equivalent  of  the 
calorimeter  in  water ;  t  its  initial  temperatiu'e ;  0  its  final  temperature; 
w  the  weight  of  the  body ;  T  its  initial  temperature ;  T  its  melting- 
point  ;  c  its  specific  heat  in  the  solid  state ;  c'  its  specific  heat  in  the 
liquid  state ;  from  these  data  the  equation  will  evidently  be 

neglecting  the  correction  for  radiation,  which  can  be  determined  by 
the  ordinary  methods. 

One  of  the  quantities  which  enter  into  this  equation  is  the  specific 
heat  of  the  body  in  the  solid  state,  which  may  be  considered  as  known. 
The  specific  heat  of  the  body  in  the  liquid  state  may  be  deduced  by 
combining  this  equation  with  another  of  the  same  kind,  in  which  the 
initial  temperature  of  the  melted  body  is  different  In  the  case  of 
bodies  which,  like  mercury  and  bromine,  are  liquid  at  ordinary  tem- 
peratures, the  specific  heat  in  the  solid  state  can  be  found  by  a  similar 
but  inverse  process. 

The  following  table  gives  the  heats  of  fusion  of  several  substanoeSy 
together  with  their  specific  heats  in  both  states. 


HEAT  OP  EVAPORATION. 


MdUBe-i"^t- 

Llqiiusuu. 

LU«itH«tof 

W.tor,  .    . 

^; 

Biontitli,    . 
L«d,     .    . 
Merea.7,    .- 

0° 
44-20 
111 
-7  32 
232 
2Sfl 
528 
-89 

£040 
2000 
■2020 
■0840 
■0580 
■0308 
■0314 
■031B 

1-0000 
■2000 
■2340 
■1670 
■0640 
■0363 
■0402 
-0333 

79-2fiO 
5-400 
9-868 
16186 
14-242 
12640 

s-ssa 

2-820 

349.  Heat  of  Xraporation. — The  latent  heat  of  evaporation  of 
u^ter,  and  of  some  other  liquids,  can  be  determined  by  means  of 
Despretz's  apparatus,  which  is  shown  in  Fig.  306. 

The  liquid  is  boiled  in  a  retort  C,  which  is  connected  with  a  worm  S 


Tig.  SM,— Dupnt/i  Appustoi. 


rounded  by  cold  water,  and  terminating  in  the  reservoir  R,  The 
•oux-  ia  condensed  in  the  worm,  and  collects  in  the  reservoir,  whence 
an  be  drawn  by  means  of  the  stop-cock  r.  The  tube  T,  which  is 
■d.  with  A  stop-cock  r,  serves  to  establish  communication  between 

reservoir  and  the  atmosphere,  or  between  the  reservoir  and  a 
te  -«vbere  a  fixed  pressure  is  maintained,  so  as  to  produce  ebulli- 

at  O'Kiy  temperature  required,  which  is  indicated  by  the  thermo- 
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meter  t     A  is  an  agitator  for  keeping  the  water  at  a  uniform  tem- 
perature, which  is  indicated  by  the  thermometer  t\ 

In  using  the  apparatus,  the  first  step  is  to  boil  the  liquid  in  the 
retort,  and  when  it  is  in  active  ebullition,  it  is  put  in  communication 
with  the  worm.  The  temperature  of  the  calorimeter  has  previously 
been  lowered  a  certain  number  of  degrees  below  that  of  the  surronnd- 
ing  air,  and  the  experiment  ceases  when  it  has  risen  to  the  same 
number  of  degrees  above.  The  compensation  may  thus  be  considered 
as  complete,  since  the  rate  of  heating  is  nearly  uniform. 

If  W  be  the  equivalent  of  the  calorimeter  in  water,  t  its  initiat 
temperature,  0  its  final  temperature;  then  the  quantity  of  heat  gained 
by  it  is  W  (^—0-  "^^^^  ^^^^  comes  partly  from  the  latent  heat  dis- 
engaged at  the  moment  of  condensation  of  the  vapour,  partly  from 
the  loss  of  temperature  of  the  condensed  water,  which  sinks  from  T, 
the  boiling-point  of  the  liquid,  to  the  temperature  of  the  calorimeter. 
If,  then,  X  denote  the  latent  heat  of  evaporation,  w  the  weight  of  the 
liquid  collected  in  the  box  R,  and  c  its  specific  heat,  we  have  tbe 
equation 

W  {0-t)=^tDX+wc  {T'B). 

This  experiment  is  exposed  to  some  serious  causes  of  error.  The 
calorimeter  may  be  heated  by  radiation  from  the  screen  F  which 
protects  it  from  the  direct  radiation  of  the  furnace.  Heat  may  also 
be  propagated  by  means  of  the  neck  of  the  jretort  Again,  the  vapour 
is  not  di^  when  it  passes  into  the  worm,  but  carries  with  it  small 
drops  of  liquid.  Finally,  some  of  the  vapour  may  be  condensed  at 
the  top  of  the  retort,  and  so  pass  into  tbe  worm  in  a  liquid  state. 
This  last  objection  is  partly  removed  by  sloping  the  neck  of  the 
retort  upwards  from  the  fire,  but  it  sometimes  happens  that  this 
precaution  is  not  suftcient. 

350.  BegnaulVs  Experiments. — ^The  labours  of  Begnault  in  con- 
nection with  the  subject  of  latent  heat  are  of  the  greatest  importance, 
and  have  resulted  in  the  elaboration  of  a  method  in  which  all  ihese 
sources  of  error  are  entirely  removed.  The  results  obtained  by  him 
are  the  following  :— 

The  quantity  of  heat  required  to  convert  a  kilogramme  of  water 
at  100''  into  vapour,  without  change  of  temperature,  is  537  kilogramme- 
degrees  or  calories. 

If  the  water  were  originally  at  zero,  the  total  amount  of  heat 
required  to  convert  it  into  vapour  at  100**  would  be  637  calorieB— 
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100  to  raise  it  io  100^,  and  537  more  to  convert  it  into  vapour.  It 
is  this  total  amount  which  is  most  important  to  know  in  the  applica- 
tions of  heat  in  the  arts. 

In  general^  if  Q  denote  the  total  quantity  of  heat^  required  to 
tfaDfiform  water  at  zero  into  vapour  at  the  temperature  T,  the  value 
of  Q  may  be  deduced  with  great  exactness  from  the  following  equa- 
tion:— 

Qrr606-5  +  -805T.  (a) 

From  what  we  have  said  above,  it  will  be  seen  that  if  X  denote  the 
latent  heat  of  evaporation  at  temperature  T,  we  must  have 

Q=x+T, 
whence,  by  substituting  for  Q  in  (a),  we  have 

X=606-6--695T.  (6) 

From  {a)  we  can  find  the  total  heat  for  any  given  temperature,  and 
from  (6)  the  latent  heat  of  evaporation  at  any  given  temperature. 
The  results  for  every  tenth  degree  between  0**  and  230®  are  given  in 
the  following  table : — 


Temperatarea 

Latent 

Total   ; 

Temperatures 

Latent 

Total 

Centigmda. 

Boat. 

Heat.   ! 

1 

CentignMle. 

Heat 

Heat. 

0*  .     .     . 

606 

606 

120*.     .     . 

522 

642 

10    . 

600 

610 

130.     . 

515 

645 

20    .     . 

593 

618 

140.     . 

508 

648 

80    .     . 

586 

616 

150.     . 

601 

651 

40    .     . 

579 

619 

160.     . 

494 

654 

50    .     . 

672 

622 

170.     . 

486 

656 

60    .     . 

565 

625 

180. 

479 

659 

70    . 

558 

628 

190.     . 

472 

662 

80    . 

551 

631 

200. 

464 

664 

90    . 

544 

684 

210.     , 

457 

667 

100    . 

637 

637 

220. 

449 

669 

110    . 

529 

639 

230. 

442 

672 

To  reduce  latent  heat  and  total  heat  from  the  Centigrade  to  the 
Fahrenheit  scale,  we  must  multiply  by  |.     Thus  the  latent  and  total 

^  of  steam  at  212''  F.  are  966*6  and  1146*6.  We  subjoin  a  table, 
taken  fiom  the  researches  of  Favre  and  Silbermann,  giving  the  latent 
Itttt  of  evaporation  of  a  number  of  liquids  at  the  temperature  of  their 
l^^^iUog-pointy  referred  to  the  Centigrade  scale : — 


*  GaOed  by  Begmuilt  the  total  heat  of  mturated  yapour  at  T°,  or  the  total  heat  of  Ti^por- 
•tf. 


CALOBIHETBT. 


BoillDE- 

L>(»it 

Bouiac- 

Uat  ' 

-^ 

Wood  spirit,     .     .     . 

ea-B 

284 

Acetic  «cid,       .     .     . 

120° 

IDS 

78 

208 

164 

IIS     . 

78 

121 

Valeric  jMad,     .    .     . 

101 

38 

ei 

Acetic  ether,     .     .     . 

74 

100     ' 

38 

58 

166 

es 

113-5 

113-6 

Euenoe  of  Qtroii, 

165 

70 

Fomiaadd.     .     .    . 

100 

169 

361.  Heat  DiBenffaj:ed  in  Chemioal  Combinations. — A  very  ctm- 
Tenient  apparatus  has  been  invented  by  Favre  and  Silbermano  foi 
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measuring  the  beat  given  off  in  chemical  reactions.^  It  is  a  kind  of 
laige  mercurial  tbermDmet«r  (Fig.  307),  the  reservoir  K  of  which  is 
made  of  iron,  and  contains  one  or  more  cylindrical  openings  ^milar 
to  that  shown  at  m.  Into  these  are  fitted  tubes  of  glass  or  pUtinum, 
in  vrbich  the  chemical  reaction  takes  place.  One  of  the  substances 
is  introduced  first,  and  the  other,  which  is  liquid,  is  then  added  by 
means  of  a  pipette  bent  at  B,  and  containing  the  liquid  in  a  globe, 
as  shown  in  the  figure.  This  is  effected  by  raising  the  pipette  into 
the  position  indicated  by  the  dotted  lines  in  the  figure. 

In  the  upper  part  of  the  reservoir  is  an  opening  fitted  mth  a  tube 


»  nagent.    Tbo  ni 


■re  o«Ued  rtaetimit,  and  •  sulMtaace  w 
a  we  mliwud,  but  an  in  general  uae. 
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containing  a  steel  plunger  F,  which  descends  into  the  mass  of  mer- 
ciuy,  and  can  be  screwed  down  or  up  by  turning  the  handle  M.  To 
prepare  the  apparatus  for  nse,  the  plunger  ia  so  adjusted  that  the 
mercurj  stands  at  the  zero-point  of  the  graduated  tube  tf,  the  reac- 
tioD  is  then  allowed  to  take  place,  and  the  movemeat  of  the  mo^ 
curisi  column  is  observed  with  the  telescope  L.  In  order  to  measure 
the  quantity  of  heat  corresponding  to  this  displacement,  a  known 
weight  of  hot  water  is  introduced  into  the  reservoir,  and  allowed  to 
give  up  its  heat  to  the  mercury;  the  dieplacement  of  the  mercurial 
edomn  is  then  observed,  and  since  the  quantity  of  heat  correspond- 
ing to  this  displaceTuent  ia  known,  that  corresponding  to  any  other 
(iisp/acement  can  easily  be  calculated.  The  iron  reservoir  ia  inclosed 
in  a  box  fiUed  with  wadding  or  some  other  non-conducting  material^ 

When  the  chemical  reaction  takes  the 
brm  of  combustion,  a  different  arrange- 
aent  is  necessary.  An  apparatus  of  great 
lerfection  has  been  devised  by  Favre  and 
ilbennann  for  this  purpose,  but  it  is  of 
)0  complex  a  construction  to  be  de- 
ribed  here^  A  sufficiently  accurate  idea 
'  the  general  method  adopted  in  these 
ses  will  be  obtained  by  a  study  of  the 
ucb  simpler  apparatus  employed  for 
e  same  purpose  by  Dulong. 
It  consists  of  a  combustion-chamber  O 
Tounded  by  the  water  contained  in  a 
orimeter  D,in  which  moves  an  agitator 
ose  stem  is  shown  at  A.     The  com- 

tible  substance,  if  it  be  a  gas,  is  con-       Fig. aos— Dniong'i cuioiuntMr (or 
ted   into   the  chamber  through  the  c<™tra*ioi.. 

e  h,   and  the  oxygen   necessary  for 

combustion  enters  by  one  of  the  tubes  /  or  p'.  The  products 
ombustion  pass  through  the  worm  8,  and  finally  escape,  but 

I  the  niode  of  eipsrimentation  adopted  b;  Br.  Andram,  the  oomlniiktjon  takes  pUoe 
im  copper-  vessel  mclased  iu  t,  cklonmeter  of  water  to  which  it  gives  up  its  heftt;  tad 
le  of  temperktare  in  the  vater  is  obHrved  with  &  veij  deliote  thmaometer,  thn 
being  agitstad  either  b;  stirring  with  »  gUsa  rod  or  b;  making  the  whole  apparatua 
>  about  *  horizontal  alia. 

iperimentiiig  on  the  heat  of  combnsUoQ,  the  oi^gen  and  the  substance  to  be  burned 
rodaced  into  tlie  tMn  capper  veasel,  which  is  inclosed  in  the  calorimeter  as  above, 
[itioii  or  explodon  is  produced  by  means  of  electricity. 
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SS4.  Connection  between  Heat  and  Work. — That  heat  can  be  made 
to  produce  work  is  evident  when  we  consider  that  the  work 
done  by  Eteam-eDginee  and  other  heat-engines  is  due  to  tbia 
source. 

Conversely,  by  means  of  work  we  can  produce  heat.  Fig. 
SlOrepresents  an  apparatus  sometimes  called  the  pneumatic 
^der-boE,  consisting  of  a  piston  working  tightly  in  a  glass 
lanBL  If  a  piece  of  gun-cotton  be  fixed  in  the  cavity  of 
tbe  piston,  and  the  air  be  then  suddenly  compressed,  bo  much 
heat  vill  be  developed  as  to  infiame  the  gun-cotton. 

A.  singular  explanation  of  this  eSect  was  at  one  time  put 
forward.  It  was  m^ntained  that  heat  or  caZoric  was  a  kind 
o[  imponderable  fluid,  which,  when  introduced  into  a  body, 
produced  at  once  an  increase  of  volume  and  an  elevation 
of  temperature.  If,  then,  the  body  was  compressed,  the 
alone  which  had  served  to  dilate  it  was,  so  to  speak, 
iqiazed  oiU,^  and  hence  the  development  of  heat.  An 
unmediate  consequence  of  this  theory  is  that  heat  cannot  he 
ucreased  or  diminished  in  quantity,  but  that  any  addition 
to  the  qtiantity  of  heat  in  one  part  of  a  system  must  be 
<^ODpensated  by  a  corresponding  loss  in  another  part.  But 
»e  know  that  there  are  cases  in  which  heat  is  produced  by 
t^o  bodies  in  contact,  without  our  being  able  to  observe  any 
^aces  of  this  compensating  process.  An  instance  of  this  is 
^e  production  of  heat  by  friction. 

3S5,  Heat  produced  by  Friction. — Friction  is  a  well-known      „   j,,    ' 

'  b  ethar  wMds,  Ihe  thcnnil  MfMoitj  of  tbe  body  wm  luppooed  to  be 
"""had,  10  tbat  tbe  unount  of  beat  cont^ed  in  it,  witboat  ondoi^i^iig  lui;  iDOreaM^ 
**•  'i^  In  niie  it  to  a  bigber  tcmperBtare. 
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source  of  heat.  Savages  are  said  to  obtain  fire  by  nibbiog  two  pieces 
of  dry  wood  together.  The  friction  between  the  wheel  and  axle  in 
railway-carriageB  frequently  produces  the  same  effect,  when  they 
have  been  insutBciently  greased ;  and  the  stoppage  of  a  train  by 
applying  a  brake  to  the  wheels  usually  produces  a  shower  of  sparkE. 
The  production  of  heat  by  friction  may  be  readily  exemplified  by 
the  following  experiment,  due  to  TyndalL  A  glass  tube  conUuning 
water  (Fig.  311),  and  closed  by  a  cork,  can  be  rotated  rapidly  about 


Pig-  3Il.-.-n«ftt  preduoed  br  FrictUriL 

its  axia  While  thus  rotating,  it  is  pressed  by  two  pieces  of  wood, 
covered  with  leather.  The  water  is  gradually  warmed,  and  finally 
enters  into  ebullition,  when  the  cork  is  driven  out,  followed  by  a  jet 
of  steam.  Friction,  then,  may  produce  an  intense  beating  of  the 
bodies  rubbed  together,  without  any  corresponding  loss  of  heat  else- 
where. 

At  the  close  of  last  century,  Count  Rumford  (an  American  in  the 
service  of  the  Bavarian  government)  called  attention  to  the  enormous 
amount  of  heat  generated  in  the  boring  of  cannon,  and  found,  in  a 
spedal  experiment,  that  a  cylinder  of  gun-metal  was  raised  from  the 
temperature  of  60°  F.  to  that  of  130°  F.  by  the  friction  of  a  blunt  steel 
borer,  during  the  abrasion  of  a  weight  of  metal  equal  to  about  ^^  '^^ 
the  whole  mass  of  the  cylinder.  In  another  experiment,  he  sur- 
rounded the  gun  by  water  (which  was  prevented  from  entering  the 
bore),  and,  by  continuing  the  operation  of  boring  for  2J  hours,  be 
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made  this  water  boiL  In  reasoning  from  these  experiments,  he 
strenuously  maintained  that  heat  cannot  be  a  material  substance,  but 
most  consist  in  motion. 

The  advocates  of  the  caloric  theory  endeavoured  to  account  for 
these  effects  by  asserting  that  caloric,  which  was  latent  in  the  metal 
when  united  in  one  solid  mass,  had  been  forced  out  and  rendered 
sensible  by  the  process  of  disintegration  imder  heavy  pressure.  This 
sapposition  was  entirely  gratuitous,  no  difference  having  ever  been 
detected  between  the  properties  of  entire  and  of  comminuted  metal 
as  regards  thermal  capacity ;  and,  to  account  for  the  observed  effect, 
the  latent  heat  thus  supposed  to  be  rendered  sensible  in  the  abrasion 
of  a  given  weight  of  metal,  must  be  sufEcient  to  raise  950  X  70,  that  is 
66,500  times  its  own  weight  of  metal  through  1^ 

Yet,  strange  to  say,  the  caloric  theory  survived  this  exposure  of 
its  weakness,  and  the,  if  possible,  still  more  conclusive  experiment 
of  Sir  Humphrey  Davy,  who  showed  that  two  pieces  of  ice,  when 
rubbed  together,  were  converted  into  water,  a  change  which  involves 
not  the  evolution  but  the  absorption  of  latent  heat,  and  which  cannot 
be  explained  by  diminution  of  thermal  capacity,  since  the  specific 
heat  of  water  is  much  greater  than  that  of  ice. 

Davy,  like  Rumford,  maintained  that  heat  consisted  in  motion, 
and  the  same  view  was  maintained  by  Dr.  Thos.  Young ;  but  the 
doctrine  of  caloric  nevertheless  continued  to  be  generally  adopted 
until  about  the  year  1840,  since  which  time,  the  experiments  of  Joule, 
the  eloquent  advocacy  of  Meyer,  and  the  mathematical  deductions  of 
Thomson,  Bankine,  and  Clausius,  have  completely  established  the 
inechanical  theory  of  heat,  and  built  up  an  accurate  science  of  thermo- 
dynamics 

356.  Foucault's  Experiment. — The  relations  existing  between  elec- 
trical and  thermal  phenomena  had  considerable  influence  in  leading 
to  correct  views  regarding  the  nature  of  heat.  An  experiment 
devised  by  Foucault  illustrates  these  relations,  and  at  the  same 
time  furnishes  a  fresh  example  of  the  production  of  heat  by  the 
performance  of  mechanical  work. 

The  apparatus  consists  (Fig.  312)  of  a  copper  disc  which  can  be 
iDade  to  rotate  with  great  rapidity  by  means  of  a  system  of  toothed 
▼heek  The  motion  is  so  free  that  a  very  slight  force  is  sufficient  to 
iittintain  it.  The  disc  rotates  between  two  pieces  of  iron,  constituting 
the  annatures  of  one  of  those  temporary  magnets  which  are  obtained 
^the  passage  of  an  electric  current  (called  electro-magnets).     If, 
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while  the  disc  is  turning,  the  current  is  made  to  pass,  the  armittuw 
become  strongly  magnetized,  and  a  peculiar  action  takes  place  betweeo 
them  and  the  disc,  consisting  in  the  formation  of  induced  curreuta  in 
the  latter,  accompanied  by  a  resisba&ce  to  motion.    As  long  u  tia 


Yit.  SI!,— FoucBolt'i  Appuatu. 

magnetization  ia  continued,  a  considerable  e£Fbrt  is  necessary  to 
majntain  the  rotation  of  the  disc ;  and  if  the  rotation  be  continued 
for  two  or  three  minutes,  the  disc  will  be  found  to  have  risen  some 
60'  or  60°  C.  in  temperature,  the  heat  thus  acquired  by  the  disc  being 
the  equivalent  of  the  work  done  in  maintaining  the  motion.  It  is 
to  be  understood  that,  in  this  experiment,  the  rotating  disc  does  not 
touch  the  armatures;  the  resistance  which  it  experiences  is  due  en- 
tirely to  invisible  agencies. 

The  experiment  may  be  varied  by  setting  the  disc  in  very  rapid 
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rotation,  while  no  current  18  pa-saing,  thea  leaving  it  to  itaelf,  and 
imoiediately  afterwards  causing  the  cun-ent  to  pass.  TLe  result  will 
be,  that  the  disc  will  be  brought  to  rest  almost  instantaneously,  and 
w3t  Dudergo  a  very  slight  elevation  of  temperature,  tiie  heat  gained 
bemg  the  equivalent  of  the  motion  which  is  destroyed. 

W.  Heohanical  Equivalent  of  Heat, — The  most  precise  determina- 
tioD  yet  made  of  the  numerical  relation  subsisting  between  heat  and 
maiiianical  work  was  obtained  by  the  following  experiment  of  Joule. 
He  constructed  an  agitator  which  is  somewhat  imperfectly  repre- 
sented in  Fig.  313,  consisting  of  a  vertical  shaft  carrying  several  sets 
of  paddles  revolving  between  stationary  vanes,  these  latter  serving 


flf.  IIS.— netarmliutEiBi  of  th*  llKhinloiI  E( 


toprevent  the  liquid  in  the  vessel  from  being  bodily  whirled  in  the 

diiection  of  rotation.     The  vessel  was  filled  with  watei",  and  the 

agitatur  was  made  to  revolve  by  means  of  a  cord,  wound  round  the 

"pper  part  of  the  shaft,  carried  over  a  pulley,  and  attached  to  a 

weight,  which  by  its  descent  drove  the  agitator,  and  furnished  a 

ineasare  of  the  work  done.     The  pulley  was  mounted  on  friction- 

*b«Ia,  and  the  weight  could  be  wound  up  without  moving  the 

wdiJIea.     When  all  corrections  had  been  applied,  it  was  found  that 

tJie  heat  communicated  to  the  water  by  the  agitation  amounted  to 

■-•K  pound-degree  Fahrenheit  for  every  772  foot-pounds  of  work 

V^it  in  producing  it.     This  result  was  verified  by  various  other 

(nos  of  experiment,  and  may  be  assumed  to  be  correct  within  about 

•M  foot-pound.     Tlie  experiments  were  made  at  Manchester,  where 
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g  is  321 94,  and  it  is  to  be  borne  in  mind  that  a  foot-pound  does  not 
denote  precisely  the  same  amount  of  work  at  all  places  on  the  earth's 
surface,  but  varies  in  direct  proportion  to  the  intensity  of  gravity. 
The  difference  in  its  value  in  passing  from  one  place  to  another  on 
the  earth  is,  however,  not  greater  than  the  probable  error  of  the 
number  772.  We  may  therefore,  with  about  as  much  accuracy  as  is 
warranted  by  the  present  state  of  our  knowledge,  assert  that  the 
energy  comprised  in  one  pound-degree  Fahrenheit  is  about  772  terres- 
trial foot-pounds.* 

The  mechanical  equivalent  of  the  pound-degree  Centigrade  is  ^  of 

this,  or  about  1 390  foot-pounds. 

The  number  772  or  1390,  according  to  the  scale  of  temperature 
adopted,  is  commonly  called  Joule's  equivalent,  and  is  denoted  in 
formulae  by  the  letter  J.  If  we  take  the  kilogramme-degree  Centi- 
grade for  unit  of  heat,  and  the  kilogrammetre  for  unit  of  work,  the 
value  of  J  will  be  424. 

857  a.  First  Law  of  Thermo-dynamics. — Whenever  work  is  per- 
formed by  the  agency  of  heat,  an  amount  of  heat  disappears  equi- 
valent to  the  work  performed ;  and  whenever  mechanical  work  is 
spent  in  generating  heat,  the  heat  generated  is  equivalent  to  the 
work  thus  spent;  that  is  to  say,  we  have  in  both  cases 

W  denoting  the  work,  H  the  heat,  and  J  Joule's  equivalent.  This 
is  called  the  first  law  of  thermo-dymmiica,  and  it  is  a  particular  case 
of  the  great  natural  law  (§  53  k)  which  asserts  that  energy  may  be 
transmuted,  but  is  never  created  or  destroyed. 

It  may  be  well  to  remark  here  that  work  is  not  energy,  but  is 
rather  the  process  by  which  energy  is  transmuted  (§  53  J),  amount  of 
work  being  measured  by  the  amount  of  energy  transmuted.  When- 
ever work  is  done,  it  leaves  an  effect  behind  it  in  the  shape  of  energy 
of  some  kind  or  other,  equal  in  amount  to  the  energy  consumed  in 
performing  the  work,  or,  in  other  words,  equal  to  the  work  itself 

As  regards  the  nature  of  heat,  there  can  be  little  doubt  that  heat 
properly  so  called,  that  is  sensible  as  distinguished  from  latent  heat 
consists  in  some  kind  of  motion,  and  that  quantity  of  heat  is  quan- 

^  In  abfiolate  units  of  work,  of  which  a  fooi-poond  contains  g,  the  eqaivalent  of  a  pound- 
degree  Fahrenheit  is  772  xS2'l  94  =24854,  which  is  within  less  than  1  percent,  of  25,0(^). 
Hence  the  heat- equivalent  of  the  kinetic  energy  of  a  mass  of  m  pounds  moving  with  a  T«b> 
dty  of  V  feet  per  second  is  approximately  \  mv*  -i-  25000,  or  2  mv*  -S-  lOOOOO. 
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tity  of  energy  of  motion,  or  kinetic  energy  (§  53 1),  whereas  latent 
heat  consists  in  energy  of  position  or  potential  energy  (§  53  J). 

We  have  already  had,  in  the  experiments  of  Rumford,  Davy, 
Foacault^  and  Joule,  some  examples  of  transmutation  of  energy;  but 
it  will  be  instructive  to  consider  some  additional  instances. 

When  a  steam-engine  is  employed  in  hauling  up  coals  from  a  pit, 
an  amount  of  heat  is  destroyed  in  the  engine  equivalent  to  the  energy 
of  position  which  is  gained  by  the  coal. 

In  the  propulsion  of  a  steam-boat  with  uniform  velocity,  or  in  the 
drawing  of  a  railway  train  with  unifoim  velocity  on  a  level,  there  is 
no  gain  of  potential  energy,  neither  is  there,  as  far  as  the  vessel  or 
tndn  is  concerned,  any  gain  of  kinetic  energy.  In  the  case  of  the 
steamer,  the  immediate  effect  consists  chiefly  in  the  agitation  of  the 
water,  which  involves  the  generation  of  kinetic  energy;  and  the 
ultimate  effect  of  this  is  a  warming  of  the  water,  as  in  Joule's  experi- 
ment In  the  case  of  the  train,  the  work  done  in  maintaining  the 
motion  is  spent  in  friction  and  concussions,  both  of  which  operations 
gi?e  heat  as  the  ultimate  effect  Here,  then,  we  have  two  instances 
ia  which  heat,  after  going  through  various  transformations,  reappears 
^  heat  at  a  lower  temperature. 

In  starting  a  train  on  a  level,  th^  heat  destroyed  in  the  engine 
finds  its  equivalent  mainly  in  the  energy  of  motion  gained  by  the 
tnun;  and  this  energy  can  again  be  transformed  into  heat  by  turning 
^ff  the  steam  and  applying  brakes  to  the  wheels. 

When  a  cannon-ball  is  fired  against  an  armour  plate,  it  is  heated 
red-hot  if  it  fails  to  penetrate  the  plate,  the  energy  of  the  moving 
Wl  being  in  this  case  obviously  converted  into  heat.  If  the  plate 
^  penetrated,  and  the  ball  lodges  in  the  wooden  backing,  or  in  a 
l^nk  of  earth,  the  baU  will  not  be  so  much  heated,  although  the  total 
amount  of  beat  generated  must  still  be  equivalent  to  the  energy  of 
motion  destroyed.  The  ruptured  materials,  in  fact,  receive  a  large 
portion  of  the  heat  The  heat  produced  in  the  rupture  of  iron  is  well 
ili'ostrated  by  punching  and  planing  machines,  the  pieces  of  iron 
poDched  out  of  a  plate,  or  the  shavings  planed  off  it,  being  so  hot 
^t  they  can  scarcely  be  touched,  although  the  movements  of  the 
punch  and  plane  are  exceedingly  slow.  The  heat  gained  by  the  iron 
^*  in  feet,  the  equivalent  of  the  work  performed,  and  this  work  is 
'^osiderable  on  account  of  the  great  force  required. 

357b.  Heat  Lost  in  Expansion. — The  difference  between  the  specific 
'^  of  a  gas  at  constant  pressure  and  at  constant  volume,  is  almost 
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the  equivalent  of  the  work  which  the  gaa  at  constant  pre* 
rfurma  in  pushing  bttck  the  surrounding  atmosphere.  Joule 
ed  two  equal  vessels  in  water,  one  of  them  containing  highly- 
ssed  air,  and  the  other  being  exhausted;  and  when  tbeywere 
>  the  temperature  of  the  water  he  opened  a  stop-cock  which 

the  vessels  in  communication.  The  compressed  air  t1ius 
ed  to  double  its  volume,  but  the  temperature  of  the  aurround- 
ter  was  unaltered,  the  heat  converted  into  energy  of  motion 
expansion  being,  in  fact,  compensated  by  the  heat  generated 
lestruction  of  this  motion  in  the  previously  vacuous  vessel, 
cperiment  shows  that,  when  air  expands  without  having  to 
ne  external  resistances,  its  temperature  is  not  sensibly  changed 
expansion. 

)03e  we  have  a  cylinder  whose  internal  section  ia  a  square 
tre,  and  that  a  piston  travelling  in  this  cylinder  is  pushed 
ds  by  the  expansion  of  air  in  the  cylinder.  Let  the  air  be 
f  at  0°  C,  and  occupy  1  decimetre  in  length  of  the  cylinder. 

its  volume  at  thb  temperature  is  a  cubic  decimetre,  and  let 
:  be  expanded  at  the  constant  pressure  of  760  mm.  by  the 
u  of  heat,  until  it  occupies  double  its  initial  volume,  and  has 
re  pushed  the  piston  a  distance  of  1  decimetre.  Since  air 
s  by  ^  of  its  volume  at  0°  for  each  degree,  the  final  tempera- 
II,  in  this  case,  be  273°  C,  and  since  the  specific  heat  of  air  at 
it  pressure  is  '237,  and  the  weight  of  the  air  is  1293  gramme, 
,t  taken  up  by  the  air  is 

S73  X  '237  X  1-298  =  SS'Se  gnmme .degrees 

le  pressure  of  760  mm.  is  equivalent  to  l^OSS  kilc^rammes  per 
centimetre;  hence  the  total  pressure  resisting  the  advance  oi 
ton  is  1033  kilogrammes,  which  is  overcome  through  a  dis- 
if  1  decimetre,  so  that  the  work  done  against  atmospherii: 
ice  is  1033  kilogrammetres. 

t's  equivalent  for  a  kilogramme-degree  is  424  kilt^rammetres. 
it-equivalent  of  the  work  done  in  the  present  case  is  there- 
j-  =  -02436  kilogramme-degree  =  2436  gramme-degrees. 
le,  of  the  whole  heat  83-60  received  by  the  air  in  the  cylinder, 
las  been  spent  in  doing  external  work,  leaving  59  3  as  the 
.  which  would  have  sufficed  to  raise  the  air  to  the  same  tem- 
e  if  no  external  work  had  been  performed.     Now  the  ratio 
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of  83*66  to  59'3  is  1-41,  which,  as  we  have  already  seen  (§  347),  is 
the  ratio  of  specific  heat  at  constant  pressure  to  specific  heat  at  con- 
stant volume. 

In  the  case  of  air  and  perfect  gases,  the  heat  gained  by  compres- 
slon  or  lost  in  expansion  is  almost  the  exact  equivalent  of  the 
external  work  performed. 

In  view  of  these  facts,  the  specific  heat  of  a  gas  at  constant  volume 
is  often  called  the  triie  specific  heat  of  the  gas.  The  heat  required 
to  produce  a  given  change  of  temperature  in  a  gas,  when  its  volume 
changes  in  any  specified  way,  may  be  computed  to  a  very  close 
approximation  by  calculating  the  work  done  by  the  gas  against 
external  resistances  during  its  change  of  volume,  and  adding  the 
heat-equivalent  of  this  work  to  the  heat  which  would  have  produced 
the  same  change  of  temperature  at  constant  volume.  The  true 
specific  heat  of  air  in  this  sense  is  168. 

358.  Thermic  Engines. — In  every  form  of  thermic  engine,  work  is 
obtained  by  means  of  expansion  produced  by  heat,  the  force  of  ex- 
pansion being  usually  applied  by  admitting  a  hot  elastic  fluid  to 
press  alternately  on  opposite  sides  of  a  piston  travelling  in  a  cylinder. 
Of  the  heat  received  by  the  elastic  fluid  from  the  furnace,  a  part 
leaks  out  by  conduction  through  the  sides  of  the  containing  vessels, 
another  part  is  carried  out  by  the  fluid  when  it  escapes  into  the  air 
or  into  the  condenser,  the  fluid  thus  escaping  being  always  at  a 
temperature  lower  than  that  at  which  it  entered  the  cylinder,  but 
higher  than  that  of  the  air  or  condenser  into  which  it  escapes;  but 
&  third  part  has  disappeared  altogether,  and  ceased  to  exist  as  heat, 
having  been  spent  in  the  performance  of  work.  This  third  part  is 
the  exact  equivalent  of  the  work  performed  by  the  elastic  fluid  in 
iiiYing  the  piston,^  and  may  therefore  be  called  the  heat  utilized,  or 
the  hecU  converted. 

The  efficiency  of  an  engine  may  be  measured  by  the  ratio  of  the 
^  ihtia  converted  to  the  whole  amount  of  heat  which  enters  the 
^^ne;  and  we  shall  ase  the  word  efficiency  in  this  sense. 

SSSa.  Camot's  Investigations. — The  first  approach  to  an  exact 
wienoe  of  thermo-dynamics  was  made  by  Carnot  in  1824.  By  rea- 
soning based  on  the  theory  which  regards  heat  as  a  substance,  but 
vhicfa  can  be  modified  so  as  to  remain  conclusive  when  heat  is 


*  H  Begmtive  work  is  done  by  the  fluid  in  any  part  of  the  stroke  (that  is,  if  the  piston 
back  the  fluid),  the  algebraic  sum  of  work  is  to  be  taken. 
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garded  as  a  form  of  enei^,  he 
pies : — 

I.  The  thermal  agency  by  which  m 
the  traiiaference  of  heat  from,  one 

'.rature.  These  two  bodies  he  cal 
dopting  the  view  generally  rece! 
iture  of  heat,  he  supposed  that  al 
as  given  oat  by  it  again  a^  heat; 
•evented,  all  the  heat  drawn  by 

ven  by  the  engine  to  the  refrigerator,  just,  as  the  water  which  by 
s  descent  turns  a  mill-wheel,  runs  off  in  undiminished  quantity  at 
lower  level  We  now  know  that,  when  heat  is  let  down  through 
1  engine  from  a  higher  to  a  lower  temperature,  it  is  diminished  in 
nount  by  the  equivalent  of  the  work  done  by  the  engine  i^in&t 
eternal  resistances. 

He  further  shows  that  the  amount  of  work  which  can  be  obtained 
Y  letting  down  a  given  quantity  of  heat — or,  as  we  should  say  vith 
ir  present  knowledge,  by  partly  letting  it  down  and  partly  con- 
iroing  it  in  work,  ia  increased  by  raising  the  temperature  of  the 
turce,  or  by  lowering  the  temperature  of  the  refrigerator;  and  estab- 
shes  the  following  important  principle; 

II.  A  perfect  thermo-di/naviic  engine  i 
^  mechanical  effect  it  can  derive  frcm 
'  an  equal  amount  be  spent  in  work 
iverae  thermal  effect  will  be  produced. 
lying  that  a  completely  reversible  engii 

By  a  perfect  engine  is  here  meant  ar 
laximum  of  efficiency  compatible  with  \ 
)Ui'ce  and  refrigerator;  and  Camot  her 
sversible  en^nes  attain  this  maximum 
lis  important  principle,  when  adapted 
nowledge,  is  as  follows: — 

Let  there  be  two  thermo-dynamic  t 
etwcen  the  same  source  and  refrigerate 
iversible.  Let  the  efficiency  of  A  be  ti 
f  heat  which  it  draws  from  the  source,  i 
;al  effect,  and  gives  Q— mQ  to  the  rei 
'■ards.  Accordingly,  when  worked  ba 
'ork  niQ  applied  to  it  Irom  without, 
sfrigerator,  and  gives  Q  to  the  source. 


SECOND  LAW  OF  THEBM0-DTNA3CICS.  455 

In  like  manner,  let  the  efficiency  of  B  be  m',  so  that,  of  heat  Q' 
which  it  draws  from  the  source,  it  converts  m^Q'  into  mechanical 
effect,  and  gives  Q'— m'Q'to  the  refrigerator. 

Let  this  engine  be  worked  forwards,  and  A  backwards  Then, 
upoQ  the  whole,  heat  to  the  amount  Q'— Q  is  drawn  from  the  source, 
heat  m'Q'— TTiQ  is  converted  into  mechanical  effect,  and  heat 
Q'-Q— (m'Q'— mQ)  is  given  to  the  refrigerator. 

K  we  make  m'Q'=m  Q,  that  is,  if  we  suppose  the  external  effect 

to  be  nothing,  heat  to  the  amount  Q'— Q  or  (^/-l)  Q  is  carried  from 

the  source  to  the  refrigerator,  if  m  be  greater  than  m\  that  is,  if  the 
reversible  engine  be  the  more  efficient  of  the  two.     If  the  other 

engine  be  the  more  efficient,  heat  to  the  amount  H-^')  Q  is  trans- 
ferred from  the  refrigerator  to  the  source,  or  heat  pumps  itself  up 
from  a  colder  to  a  warmer  body,  and  that  by  means  of  a  machine 
which  is  self-acting,  for  B  does  work  which  is  just  sufficient  to  drive  A. 
Such  a  result  we  are  entitled  to  assume  impossible,  therefore  B  cannot 
be  more  efficient  than  A 

Another  proof  is  obtained  by  making  Q'=Q.  The  source  then 
neither  gains  nor  loses  heat,  and  the  refrigerator  gains  (m— m')  Q, 
which  is  derived  from  work  performed  upon  the  combined  engine 
from  without,  if  A  be  more  efficient  than  B.  If  B  were  the  more 
efficient  of  the  two,  the  refrigerator  would  lose  heat  to  the  amount 
(w— m)  Q,  which  would  yield  its  full  equivalent  of  external  work, 
and  thus  a  machine  would  be  kept  going  and  doing  external  work 
by  means  of  heat  drawn  from  the  coldest  body  in  its  neighbourhood, 
a  result  which  cannot  be  admitted  to  be  possible. 

858b.  Second  Law  of  Thermo-dynamics. — It  follows,  from  the  prin- 
ciple thus  established,  that  ail  reversible  engines  with  the  same  tem- 
peratures of  source  and  refrigerator  have  the  same  efficiency,  whether 
the  working  substance  employed  in  them  be  steam,  air,  or  any  other 
material,  gaseous,  liquid,  or  solid.  Hence  we  can  lay  down  the  fol- 
lowing law,  which  is  called  the  second  law  of  thermo-dynamics :  the 
f^ei/mcyofa  completelyreversibleengineisindependent  of  the  nature 
0/  tile  working  substance,  and  depends  only  on  the  temperatures  at 
«iiefc  the  engine  takes  in  and  gives  out  heat;  and  the  efficiency  of 
9tick  an  engine  is  the  limit  of  possible  efjiciency  for  any  engine. 

As  appendices  to  this  law  it  has  been  further  established : 

L  That  when  one  of  the  two  temperatures  is  fixed,  the  efficiency 
is  mofXy  proportional  to  the  difierence  between  the  two,  provided 
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this  difference  is  very  small     This  holds  good  for  all  scales  of  tem- 
perature. 

2.  From  calculations  relating  to  an  imaginary  engine  of  specud 
simplicity,  in  which  a  permanent  gas  is  the  working  substance,  it 
has  been  determined  that  the  efficiency  of  a  reversible  engine  ia 

approximately  — ijr-,  T  denoting  the  upper,  and  T  the  lower  tem- 
perature between  which  the  engine  works,  reckoned  from  absolute 
zero  (§  219  a),  on  the  air-thermometer.  This  is  more  easily  remem- 
bered when  stated  in  the  following  more  symmetrical  form.  Let  Q 
denote  the  quantity  of  heat  taken  in  at  the  absolute  temperature  T, 
Q'  the  quantity  given  out  at  the  absolute  temperature  T',  and  con- 
sequently Q—Q'  the  heat  converted  into  mechanical  effect,  then  we 
shall  have  approximately 

Q_  cy_  Q-Q^ 

868c.  Absolute  Scale  of  Temperature. — In  ordinary  thermometers, 
temperatures  are  measured  by  the  apparent  expansion  of  a  liquid  in 
a  glass  envelope.     If  two  thermometers  are  constructed,  one  with 
mercury  and  the  other  with  alcohol  for  its  liquid,  it  is  obviously 
possible  to  make  their  indications  agree  at  two  fixed  temperatures. 
If,  however,  the  volume  of  the  tube  intervening  between  the  two 
fixed  points  thus  determined  be  divided  into  the  same  number  of 
equal  parts  in  the  two  instruments,  and  the  divisions  be  numbered 
as  degrees  of  temperature,  the  two  instruments  will  give  different 
indications  if  plunged  in  the  same  bath  at  an  intermediate  tempera- 
ture,  and  they  will  also  differ  at  temperatures  lying  beyond  the  two 
fixed  points.     It  is  a  simple  matter  to  test  equality  of  temperature, 
but  it  is  far  from  simple  to  decide  upon  a  test  of  equal  differences  of 
temperature.    Different  liquids  expand  not  only  by  different  amounts 
but  by  amounts  which  are  not  proportional,  no  two  liquids  being 
in  this  respect  in  agreement 

In  the  case  of  permanent  gases  expanding  under  constant  pressure, 
the  discordances  are  much  less,  and  may,  in  ordinary  circumstances, 
be  neglected.  Hence  gases  would  seem  to  be  indicated  by  nature  as 
the  proper  substances  by  which  to  measure  temperature,  if  diflferences 
of  temperature  are  to  be  measured  by  differences  of  voluma 

It  is  also  possible  to  establish  a  scale  of  temperature  by  assuming 
that  some  one  substance  rises  by  equal  increments  of  temperature  on 
receiving  successive  equal  additions  of  heat ;  in  other  words,  by  making 
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some  one  substance  the  standard  of  reference  for  specific  heat,  and 
assuming  the  specific  heat  of  this  substance  to  be  the  same  at  all 
temperatures.     Hei'e,  again,  the  scale  would  be  diflferent  according  to 
the  liquid  chosen.     A  mixture  of  equal  weights  of  water  at  0°  C.  and 
100''  C.  will  not  have  precisely  the  same  temperature  as  a  mixture 
of  equal  weights  of  mercury  at  these  temperatures.     If,  however,  we 
resort  to  permanent  gases,  we  find  again  a  very  close  agreement,  so 
that^  if  one  gas  be  assumed  to  have  the  same  specific  heat  at  all  tem- 
peratures (whether  at  constant  volume  or  at  constant  pressure),  the 
specific  heat  of  any  other  permanent  gas  will  also  be  sensibly  in- 
dependent of  temperatura     More  than  this ; — the  measurement  of 
temperature  by  assuming  the  specific  heats  of  permanent  gases  to 
be  constant,  agrees  almost  exactly  with  the  measurement  of  tem- 
perature by  the  expansion  of  permanent  gases.     For,  as  we  have 
seen  (§  347),  a  permanent  gas  under  constant  pressure  has  its  volume 
increased  by  equal  amounts  on  receiving  successive  equal  additions 
of  heat 

The  air-tbermometer,  or  gas-theimometer,  then,  has  a  greatly 
superior  clainti  to  the  mercury  thermometer  to  be  considered  as  fur- 
nishing a  natural  standard  of  temperature. 

But  a  scale  which  is  not  only  sensibly  but  absolutely  independent 
of  the  peculiarities  of  particular  substances,  is  obtained  by  defining 
tm^perature  va  such  a  sense  as  to  make  appendix  (2)  to  the  second 
iito  of  thermo-dyn^mics  rigorously  eocact  According  to  this  system, 
tlie  ratio  of  any  two  temperatures  is  the  ratio  of  the  two  quantities 
of  heat  which  would  be  drawn  from  the  source  and  supplied  to  the 
refrigerator  by  a  completely  reversible  thermo-dynamic  engine  work- 
ing between  these  temperatures.  This  ratio  will  be  rigorously  the 
same,  whatever  the  working  substance  in  the  engine  may  be,  and 
whether  it  be  solid,  liquid,  or  gaseous. 

3580.  Heat  required  for  Change  of  Volume  and  Temperature. — The 
^ount  of  heat  which  must  be  imparted  to  a  body  to  enable  it  to 
psB  fix)m  one  condition,  as  regards  volume  and  temperature,  to 
another,  is  not  a  definite  quantity,  but  depends  upon  the  course  by 
»tich  the  transition  is  eflfected.  It  is,  in  fact,  the  sum  of  two  quan- 
tities, one  of  them  being  the  heat  which  would  he  required  if  the 
*^ngition  were  made  without  external  work — as  in  Joule's  experi- 
^nt  of  the  expansion  of  compressed  air  into  a  vacuous  vessel — and 
^'•e  other  being  the  heat  equivalent  to  the  extei^n/il  work  which  the 
^y  pe^*forms  in  making  the  transition.     As  regards  the  first  of 
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e  quantities,  its  amount,  in  the  case  of  permanent  gaaes,  depend) 
3st  entirely  upon  tlie  difference  between  the  initial  and  final  tem- 
tures,  being  sensibly  independent  of  the  change  of  volume,  fts 
le's  experiment  shows.  In  the  case  of  liquids  and  solids,  its 
unt  depends,  to  a  very  large  extent,  upon  the  change  of  voluin«, 
hat,  if  the  expansion  which  heat  tends  to  produce  is  fordUy 
'ented,  the  quantity  of  heat  required  to  produce  a  given  rise  of 
perature  is  greatly  diminished.  This  contrast  is  sometinies  ex- 
aed  by  saying  that  expansion  by  heat  involves  a  large  amoanl 
iternal  work  in  the  case  of  liquids  and  solids,  and  an  exceedingly 
II  amount  in  the  case  of  gases ;  but  the  phrase  iidemal  work  has 
as  yet  acquired  any  very  precise  meaning, 
xterool  work  performed  against  uniform  hydrostatic  or  pneumatic 
sure,  may  be  computed  by  midtiplying  the  increase  of  volume 
}ie  pressure  per  unit  area.  For,  if  we  suppose  the  expanding 
^  to  be  immersed  in  an  incompressible  fluid  without  weighty  con- 
i  in  a  cylinder  by  means  of  a  movable  piston  under  constant 
sore,  the  work  done  by  the  expanding  body  will  be  spent  in 
ing  back  the  piston.  Let  A  be  the  area  of  the  piston,  x  the 
mce  it  is  pushed  back,  and  p  the  pressure  per  unit  area.  Then 
increment  of  volume  is  Ax,  and  the  work  done  is  the  product  of 
force  pA  by  the  distance  x,  which  is  the  same  as  the  product  of 
f  Ax. 

s  an  illustration  of  the  different  courses  by  which  a  transition 
'  be  effected,  suppose  a  quantity  of  gas  initially  at  0°  C  and  a 
aute  of  one  atmosphere,  and  finally  at  100°  C.  and  the  same 
sure,  the  final  volume  being  therefore  1*366  times  the  initial 
imc  Of  the  innumerable  courses  by  which  the  trandtion  may 
riade,  we  will  specify  two: — 

A.  The  gas  may  be  raised,  at  its  initial  volume,  to  such  a  tern- 
Lture  that,  when  afterwards  allowed  to  expand  againat  pressure 
tnally  diminishing  to  one  atmosphere,  it  foils  to  the  temperature 
'a     Or, 

i  It  may  be  first  allowed  to  expand,  under  pressure  diminishing 
t  one  atmosphere  downwards,  until  its  final  volume  is  attained, 
may  then,  at  this  constant  volume,  be  heated  up  to  100°. 
1  both  cases  it  is  to  be  understood  that  no  heat  is  allowed  to 
r  or  escape  during  expansion. 

bviously,  the  firat  course  implies  the  performance  of  a  greater 
unt  of  external  work  than  tlie  second,  and  it  will  require  the 
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communication  to  the  gas  of  a  greater  quantity  of  heat, — ^greater  by 
the  heat-equivalent  of  the  difference  of  worka 

When  a  body  passes  through  changes  which  end  by  leaving  it  in 
precisely  the  same  condition  in  which  it  was  at  first,  we  are  not 
entitled  to  assume  that  the  amounts  of  heat  which  have  entered  and 
qaitted  it  are  equal     They  are  not  equal  unless  the  algebraic  sum  of 
eiteraal  work  done  by  the  body  during  the  changes  amounts  to  zero. 
If  the  body  has  upon  the  whole  done  positive  work,  it  must  have 
taken  in  more  heat  than  it  has  given  out»  otherwise  there  would  be 
a  creation  of  energy;  and  if  it  has  upon  the  whole  done  negative 
work,  it  must  have  given  out  more  heat  than  it  has  taken  in,  other- 
wise there  would  be  a  destruction  of  energy.    In  either  case,  the 
differcTice  between  the  heat  taken  in  and  given  out  must  be  the 
equivalent  of  the  algebraic  sum  of  eacternal  work. 
These  principles  are  illustrated  in  the  two  following  sections. 
358s.  Lowering  of  Freezing-point  by  Pressure. — When  a  litre  (or 
cubic  decimetre)  of  water  is  frozen  under  atmospheric  pressure,  it 
fonns  1087  of  a  litre  of  ice,  thus  performing  external  work  amount- 
ing to  •087x103*3=9  kilogramme-decimetres  =  -9  of  a  kilogram - 
metre,  since  the  pressure  of  one  atmosphere  or  760  mm.  of  mercury 
is  103*3  kilogrammes  per  square  decimetre.     Under  a  pressure  of  n 
atmospheres,  the  work  done  would  be  9  n  kilogrammetres,  neglecting 
the  very  slight  compression  due  to  the  increase  of  pressure.     If  the 
ice  is  allowed  to  melt  in  vacuo,  no  external  work  is  done  upon  it  in 
the  melting,  and  therefore,  in  the  whole  process,  at  the  end  of  which 
the  water  is  in  the  same  state  as  at  the  beginning,  heat  to  the 

amonnt  of  ^  =  0021 2-11  of  a  calorie  is  made  to  disappear.    This 

process  is  revei^aible,  for  the  water  might  be  frozen  in  vacuo  and 
melted  under  pressure;  and  hence,  by  appendix  (2)  to  the  second  law 
ofthermodynamics,  we  have 

•00212n    :    Q    ::    T-T'    :  T; 

where  Q  denotes  the  heat  taken  in  in  melting,  which  is  79*25  calories, 
r  the  absolute  temperature  at  which  the  melting  occurs,  about  273°, 
^d  T'  the  absolute  temperature  of  freezing  under  the  pressure  of  n 
atmospheres.     Hence  we  have 

•00212  «    :  79-25     :  :  T-T'     :  273; 

whence 

T-T'     =  -0078  n; 
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reeziiig-point  is  lowered  by  KH)73  of  a  degree  Cent,  for 
lere  of  pressure. 

ent  Heat  at  TemperatoreB  below  tlie  Helting-poinL — We 
231)  that  water  may  be  preserved  in  the  liquid  state  at 
considerably  below  its  normal  freezing-point.  When 
I  at  these  low  temperatures,  the  latent  heat  absorbed 
1  than  7925,  which  is  the  latent  heat  at  0°  C.  For. 
le  triSing  amount  of  external  work  performed,  we  an 
le  heat  lost  from  a  mass  of  water  at  0°,  in  its  passage  to 
independent  of  the  order  of  operations.  Now  the  spedfic 
'504',  that  of  water  being  1;  hence  the  heat  lost  in  making 
1  in  the  ordinary  way  is  7y25  +  'SOI  (,  while  that  lost 
ng  down,  and  then  freezing  at  — f  is  l+t,  I  denoting 
eat  at  — t".  Equating  these  two  expressions,  we  h&ve 
,96  (. 

lere  assumed  that  the  speciBc  heat  of  ice  is  -504  at  all 
L  Person's  esperiments  seem  to  show  that  within  » 
o  of  the  melting-point  it  has  a  much  larger  value, 
cific  heats  both  of  ice  and  water  were  constant  at  all 
I,  we  might  determine  the  position  of  the  absolute  zero 
ire  by  putting  1=0,  which  gives  —f^  —160°  nearly,  a 
differs  widely  from  that  deduced  from  the  laws  of  gaseous 

for  possible  variations  of  specific  heat  with  temperature, 
rns  for  the  heat  evolved  in  passing  from  water  at  0°  to 
re  7925 -I- (a' and  l+ta,  in  which  a  denotes  the  mean 
of  water  between  0°  and  —t",  and  a'  the  mean  specific 
etween  the  same  limits.    Equating  these  two  expressions, 

1  =  79-25-  ((i-il. 
zing  once  begins  at  a  temperatut 
,  accompanied  by  a  rise  of  temf 
emperature  of  the  whole  mass  hat 
portions  of  ice  at  0°  and  water  at 
— r  will  yield,  we  may  reason  as 
inity,  to  raise  it  from  its  initial  cc 
Jtion  m  of  it  into  ice  at  0°,  would  rt 
bs,  and  then  the  subtraction  of  7 
f  hole  an  addition  of  ^—79*25  m.  ] 
iderabie,  the  amount  of  heat  reqi 
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the  conversion  of  a  mass  1  of  water  at  — .^**  into  m  of  ice  at  0*"  and 

1-m  of  water  at  0"*,  will  be  independent  of  the  order  of  procedure ; 

and  in  the  given  case  no  heat  is  added  from  without;  we  havo 

therefore 

t 


i  -  79*25  m  =  0,    m  = 


79-25  • 


859.  Animal  Heat  and  Work. — We  have  every  reason  to  believe 
ttiat  animal  heat  and  motions  are  derived  from  the  energy  of  chemical 
combinations,  which  take  place  chiefly  in  the  act  of  respiration,  the 
most  important  being  the  combination  of  the  oxygen  of  the  air  with 
carbon  which  is  furnished  to  the  blood  by  the  animal's  food.  The 
fiist  enunciation  of  this  view  has  been  ascribed  to  Lavoisier.  Rumford 
certainly  entertained  very  clear  and  correct  ideas  on  the  subject,  for 
he  says,  in  describing  his  experiments  on  the  boring  of  cannon: — 

"Heat  may  thus  be  produced  merely  by  the  strength  of  a  horse, 
and,  in  a  case  of  necessity,  this  heat  might  be  used  in  cooking  vic- 
tuals. But  no  circumstances  could  be  imagined  in  which  this  method 
of  procuring  heat  would  be  advantageous;  for  more  heat  might  be 
obtained  by  using  the  fodder  necessary  for  the  support  of  a  horse  as 
foer 

When  the  animal  is  at  rest,  the  heat  generated  by  chemical  tom- 
bination  is  equal  to  that  given  off  from  its  body ;  but  when  it  works, 
an  amount  of  heat  disappears  equivalent  to  the  mechanical  effect 
produced  This  may  at  first  sight  appear  strange,  in  view  of  the 
fact  that  a  man  becomes  warmer  when  he  works.  The  reconciliation 
of  the  apparent  contradiction  is  to  be  found  in  the  circumstance  that, 
in  doing  work,  respiration  is  quickened,  and  a  greater  quantity  of 
arbon  consumed. 

Elaborate  experiments  on  this  subject  were  conducted  by  Hirn. 
He  inclosed  a  man  in  a  box  containing  a  tread -mill,  the  shaft  of  which 
fussed  through  the  side  of  the  box ;  and  the  arrangements  were  such 
that  the  man  could  either  drive  the  mill  against  external  resistance, 
ty  continually  stepping  from  one  tread  to  the  next  above  in  the  usual 
*ay,or  could  resist  the  motion  of  the  mill  when  driven  from  without, 
^r  continually  descending  the  treads,  thus  doing  negative  work 
Two  flexible  tubes  were  connected,  one  with  his  nostrils,  and  the 
•'tier  with  his  mouth.  He  inhaled  through  the  former,  and  exhaled 
vhrough  the  latter,  and  the  air  exhaled  was  collected  and  analyzed. 
iLe  heat  given  off  from  his  body  to  the  box  was  also  measured  with 
>me  degree  of  approximation.     The  carbon  exhaled,  and  heat  gene- 
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rated,  were  both  tolerably  constant  in  amount  when  the  man  was  at 
rest  When  he  was  driving  the  mill  by  ascending  the  treads,  the 
heat  given  out  was  increased,  but  the  carbon  exhaled  was  increased 
in  a  much  greater  ratio.  When  he  was  doing  negative  work  by 
descending  the  treads,  the  heat  given  out,  though  less  in  absolute 
amount,  was  greater  in  proportion  to  the  carbon  exhaled,  than  in 
either  of  the  other  cases. 

860.  Heat  of  Chemicid  Combination. — There  is  potential  enei^ 
between  the  particles  of  two  substances  which  would  combine  chemi- 
cally if  the  opportunity  were  afforded.  When  combination  actaallv 
takes  place,  this  potential  energy  runs  down  and  yields  an  equivalent 
of  heat.  We  may  suppose  that  the  particles  rush  together  in  virtue 
of  their  mutual  attraction,vand  thus  acquire  motions  which  constitute 
heat 

In  every  case  of  decomposition,  an  amount  either  of  heat  or  some 
other  form  of  energy  must  be  consumed  equivalent  to  the  heat  of 
combination. 

860a.  Vegetable  Growth. — In  the  growth  of  plants,  the  forces  of 
chemical  affinity  do  negative  work.  Particles  which  were  previously 
Ijeld  together  by  these  forces  are  separated,  and  potential  eneigy  is 
thus 'obtained.  When  wood  is  burned,  this  potential  energy  is  con- 
verted into  heat. 

We  are  not,  however,  to  suppose  that  plants,  any  more  than 
animals,  have  the  power  of  creating  energy.  The  forces  which  are 
peculiar  to  living  plants  are  merely  directive.  They  direct  the 
energy  of  the  solar  rays  to  spend  itself  in  separating  the  carbon  and 
oxygen  which  exist  united  in  the  carbonic  acid  of  the  air ;  the  carbon 
being  taken  up  by  the  plant,  and  the  oxygen  left. 

Coal  is  the  remnant  of  vegetation  which  once  existed  on  the  earth. 
Thus  all  the  substances  which  we  are  in  the  habit  of  employing  as 
fuel,  are  indebted  to  the  sun  for  the  energy  which  they  give  out  as 
heat  in  their  combustion. 

361.  Bolar  Heat. — ^The  amount  of  heat  radiated  from  the  sun  is 
great  almost  beyond  belief  The  best  measures  of  it  have  been 
obtained  by  two  instruments  which  are  alike  in  principle — ^Sir  John 
Herschel's  actinometer  and  Pouillet*s  pyrheliometer.  We  shall 
describe  the  latter,  which  is  represented  in  Fig.  314.  At  the  upper 
end,  next  the  sun,  is  a  shallow  cylinder  composed  of  very  thin  copper 
or  silver,  filled  with  water  in  which  the  bulb  of  a  thermometer  is 
inserted,  the  stem  being  partially  inclosed  in  the  hollow  tube  which 
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9Qpprte  the  cylinder.     At  the  lover  end  of  the  tube  is  a  disc  equal 

«id  parallel  to  the  base  of  the  cylinder.     This  is  intended  to  receive 

the  shadow  of  the  cylinder,  and  thus  assist 

tie  operator  in  jKiioting  the  instrument 

directly  towards  the  sun.     The  cylinder  is 

blackened,  in  order  that  its  absorbing  power  ' 

may  be  as  great  as  possible 

Ttie  instrument,  initially  at  the  tem- 
perature of  the  atmosphere,  is  first  placed 
for  five  minutes  in  a  position  where  it  is 
exposed  to  the  sky,  but  shaded  &om  the 
lUD,  and  the  increase  or  diminution  of  its 
emperature  is  observed ;  suppose  it  to  be 
.  fall  of  6°.  The  screen  which  shaded  it 
rom  the  sun  is  then  withdrawn,  and  its 
ise  of  temperature  is  observed  for  five 
linutcs  with  the san shining  upon  it;  call 
lis  rise  T".  Finally,  it  is  again  screened 
om  the  sun,  and  its  fall  in  five  minutes  is 
>ted ; — call  this  fl".  From  these  observa- 
ins  it  is  inferred,  that  the  instrument, 

$^f  n«.  3».-pyiiiidioBirt«. 

iile  exposed  to  tbeeun,  lost  — j-  to  the 

-  and  Btirrounding  objects,  and  that  the  whole  heat  which  it 
■eived  from  the  sun  was  T+  — g-,  or  rather  was  the  product  of 
s  difference  of  temperature  by  the  thermal  capacity  of  the 
inder  and  its  contents.     This  is  the  bent  which  actually  reaches 

instrument  from  the  sun,  but  a  large  additional  amount  has  been 
'rt^epted  by  absorption  in  the  atmosphere.  The  amount  of  this 
ji-ption  can  be  roughly  determined  by  comparing  observations 
?a  -when  the  sun  has  different  altitudes,  and  when  the  distance 
ersed  in  the  air  is  accordingly  difierent.     Including  the  amount 

«t>8orbed,  Pouillet  computes  that  the  heat  sent  yearly  by  the  sun 
&  ^arth  "would  he  sufficient  to  melt  a  layer  of  ice  30  metres  thick, 
e<i  tyver  the  surface  of  the  earth ;  and  Sir  John  Herschel's  estimate 
fc  -very  difierent 
e     earth  occupies  only  a  very  small  extent  in  space  as  viewed 

the  sun ;  and  if  we  take  into  account  the  radiation  in  all  direc- 

t-tie  whole  amount  of  heat  emitted  by  the  snn  will  be  found  to 

out  2100  million  times  that  received  by  the  earth,  or  sufficient 
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to  melt  a  thickness  of  two-fifths  of  a  mile  of  ice  per  hour  over  the 
whole  surface  of  the  sun. 

361  A.  Sources  of  Solar  Heat. — The  only  causes  that  appear  at  all 
adequate  to  produce  such  an  enormous  effect,  are  the  energy  of  tbe 
celestial  motions,  and  the  potential  energy  of  solar  gravitation.    The 
motion  of  the  earth  in  its  orbit  is  at  the  rate  of  about  96,500  feet  per 
second.     The  kinetic  energy  of  a  pound  of  matter  moving  with  this 
velocity  is  equivalent  to  about  104,000  pound-degrees  Centigrade, 
whereas  a  pound  of  carbon  produces  by  its  combustion  only  8080. 
The  inferior  planets  travel  with  greater  velocity,  the  square  of  the 
velocity  being  inversely  as  the  distance  from  the  sun's  centre;  and 
the  energy  of  motion  is  proportional  to  the  square  of  velocity.    It 
follows  that  a  pound  of  matter  revolving  in  an  orbit  just  outside  the 
Hun  would  have  kinetic  energy  about  220  times  greater  than  if  it 
travelled  with  the  earth.     If  this  motion  were  arrested  by  the  body 
plunging  into  the  sun,  the  heat  generated  would  be  about  2800  times 
greater  than  that  given  out  by  the  combustion  of  a  pound  of  charcoal 
We  know  that  small  bodies  are  travelling  about  in  the  celestial 
spaces;  for  they  often  become  visible  to  us  as  meteors,  their  incan- 
descence being  due  to  the  heat  generated  by  their  iriction  against 
the  earth's  atmosphere ;  and  there  is  reason  to  believe  that  bodies  of 
this  kind  compose  the  immense  circumsolar  nebula  called  the  zodiacal 
light,  and  also,  possibly,  the  solar  corona  which  becomes  visible  in 
total  eclipses.     It  is  probable  that  these  small  bodies,  being  retarded 
by  the  resistance  of  an  ethereal  medium,  which  is  too  rare  to  interfere 
sensibly  with  the  motion  of  such  large  bodies  as  the  planets,  are 
gradually  sucked  into  the  sun,  and  thus  furnish  some  contribution 
towards  the  maintenance  of  solar  heat.     But  the  perturbations  of  the 
inferior  planets  and  comets  furnish  an  approximate  indication  of  the 
quantity  of  matter  circulating  within  the  orbit  of  Mercury,  and  this 
quantity  is  found  to  be  such  that  the  heat  which  it  could  produce 
would  only  be  equivalent  to  a  few  centuries  of  solar  radiation. 

Helmholtz  has  suggested  that  the  smallness  of  the  sun's  density — 
only  J  of  that  of  the  earth — may  be  due  to  the  expanded  condition 
consequent  on  the  possession  of  a  very  high  temperature,  and  that 
this  high  temperature  may  be  kept  up  by  a  gradual  contraction. 
Contraction  involves  approach  towards  the  sun's  centre,  and  there- 
fore the  performance  of  work  by  solar  gravitation.  By  assuming 
that  the  work  thus  done  yields  an  equivalent  of  heat,  he  brings  out 
the  result  that,  if  the  sun  were  of  unifoi-m  density  throughout,  the 
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heat  developed  by  a  contraction  amounting  to  only  one  tei 
of  the  Bolar  diameter,  would  be  aa  much  as  is  emitted  b 
SJOO  years. 

361b.  Soorces  of  Energy  available  to  Has. — Man  can 
enejgy;  he  can  only  apply  to  his  purposes  the  stores  of  e 
he  finds  ready  to  his  hand.  With  some  unimportant 
these  c&a  all  be  traced  to  three  sources: — 

I.  The  solar  rays. 

II.  The  enei^  of  the  earth's  rotation. 

IIL  The  energy  of  the  relative  motions  of  the  mooi 
ran,  combined  with  the  potential  energy  of  their  mutual 
The  fires  which  drive  our  steam-engines  owe  their  e 
have  seen,  to  the  solar  rays.  The  animals  which  work 
their  eneigy  from  the  food  which  they  eat,  and  thus,  inc 
the  Bolar  rays.  Our  water-mills  lire  driven  by  the  desc* 
irhich  has  fallen  as  rain  &om  the  clouds,  to  which  it  v 
the  foim  of  vapour  by  means  of  heat  derived  from  the  s 
Tbe  wind  which  propels  our  sailing-vessels,  and  tun 
mills,  is  due  to  the  joint  action  of  heat  derived  irom  the 
earth's  rotation. 

The  Udes,  which  are  sometimes  employed  for  drivii 
doe  to  sources  IL  and  III.  combined. 

Hie  work  which  man  obtains,  by  his  own  applianc 
winds  and  tides,  ia  altogether  insignificant  when  compa 
^ork  done  by  these  agents  without  his  intervention,  thii 
■iiefly  spent  in  friction.  It  is  certain  that  all  the  worl 
do,  involves  the  loss  of  so  much  energy  from  the  origim 
loss  which  is  astronomically  insignificant  for  such  a  per 
'o'T.  but  may  produce,  and  probably  has  produced,  \ 
(Sects  in  long  agea  In  the  case  of  tidal  friction,  great 
loss  most  fall  upon  the  energy  of  the  earth's  rotation ; 
«  very  different  with  winds.  Neglecting  the  comparati 
^ant  effect  of  aerial  tides,  due  to  the  gravitation  of  t 
KID,  wind-friction  cannot  in  the  slightest  degree  affect  tl 
^vth's  rotation,  for  it  is  impossible  for  any  action  exer 
Fvta  of  a  system  to  alter  the  angular  momentum  ol 
''»3  F.)  The  effect  of  easterly  winds  in  checking  the 
iwo  most  therefore  be  exactly  balanced  by  the  effect 
*iiids  in  accelerating  it.  In  applyii^  this  principle, 
'onembered  that  the  couple  exerted  by  the  wind  is  jo 
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tional  to  the  force  of  friction  resolved  in  an  easterly  or  westerly 
direction,  and  to  the  distance  from  the  earth's  axis. 

861c.  Dissipation  of  Energy. — From  the  principles  laid  down  in  the 
present  chapter  it  appears  that,  although  mechanical  work  can  be 
entirely  spent  in  producing  its  equivalent  of  heat,  heat  cannot  be 
entirely  spent  in  producing  mechanical  work.     Along  with  the  con- 
version of  heat  into  mechanical  effect,  there  is  always  the  transference 
of  another  and  usually  much  larger  quantity  of  heat  from  a  body  at 
a  higher  to  another  at  a  lower  temperature.     In  conduction  and 
radiation  heat  passes  by  a  more  direct  process  from  a  warmer  to  a 
colder  body,  usually  without  yielding  any  work  at  alL    In  these 
cases,  though  there  is  no  loss  of  energy,  there  is  a  running  to  waste 
as  far  as  regards  convertibility ;  for  a  body  must  be  hotter  than 
neighbouring  bodies,  in  order  that  its  heat  may  be  available  for 
yielding  work.     This  process  of  running  down  to  less  available  forms 
has  been  variously  styled  diffusion,  degradation,  and  dissipation  of 
energy,  and  it  is  not  by  any  means  confined  to  heat     We  can  assert 
of  energy  in  general  that  it  often  runs  down  from  a  higher  to  a 
lower  grade  (that  is  to  a  form  less  available  for  yielding  work),  and 
that,  if  a  quantity  of  energy  is  ever  raised  from  a  lower  to  a  higher 
grade,  it  is  only  in  virtue  of  the  degradation  of  another  quantity,  in 
such  sort  that  there  is  never  a  gain,  and  is  generally  a  loss,  of  avail- 
able energy. 

This  general  tendency  in  nature  was  first  pointed  out  by  Sir  W. 
Thomson.  It  obviously  leads  to  the  conclusion  that  the  earth  i^ 
gradually  approaching  a  condition  in  which  it  will  no  longer  be 
habitable  by  man  as  at  present  constituted. 
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STEAM  AND  OTHEB  HEAT  ENGINEa 


362.  Heat-engines. — The  name  of  heat-engine  or  thermo-dynamic 
engine  is  given  to  all  machines  which  yield  work  in  virtue  of  heat 
which  is  supplied  to  them«  Besides  the  steam-engine,  it  includes  the 
Air-eogine  and  the  gas-engine.  We  shall  first  describe  one  of  the 
best  forms  of  the  air-engine. 

S68,  Stirling's  Air-engine. — Fig.  315  is  a  perspective  view,  and 
Fig.  316  a  section  of  the  engine  invented  by  Dr.  Robert  Stirling, 
lie  particular  form  here  represented  is  that  which  has  been  adopted 
iQ  France  by  M.  Laubereau.  It  consists  of  two  cylinders  of  different 
diameters,  which  are  in  communication  with  each  other.  The  larger 
cylinder  is  divided  into  two  compartments  by  a  kind  of  large  piston 
Diade  of  plaster  of  Paris,  which,  however,  does  not  touch  the  sides  of 
the  cylinder,  and  thus  leaves  an  annular  space  for  communication 
between  the  two  compartments. 

The  bottom  of  the  large  cylinder,  which  is  directly  exposed  to  the 
^ion  of  the  furnace,  is  slightly  concave;  the  top  is  double,  thus 
«ft»rding  an  intermediate  space,  through  which  cold  water  is  kept 
cvculating  by  means  of  a  pump  which  is  driven  by  the  machina 
from  this  arrangement  it  follows  that,  when  the  mass  of  plaster  is 
at  the  bottom  of  the  cylinder,  it  will  intercept  the  heat  of  the  fire, 
being  a  very  bad  conductor,  and  thus  the  air  in  the  cylinder  will  be 
cooled  by  the  water  in  the  double  top.  On  the  other  hand,  when 
^  piston  is  in  contact  with  the  refrigerator,  the  air  will  be  exposed 
'^  the  action  of  the  fire,  and  its  elastic  force  will,  consequently,  be 
uv:reased. 

The  smaller  cylinder  is  open  above,  and  contains  a  piston  which 
^ves  a  crank  on  the  axle  of  a  heavy  fly-wheel  of  cast-iron.  The  com- 
i&osication  between  the  two  cylinders  is  in  the  lower  part  of  each. 
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Suppose  now  that  the  large  piston  is  in  contact  with  the  refrige- 
rator, while  the  email  piston  is  in  its  lowest  position.  The  air  is  thus 
exposed  to  the  action  of  heat,  expands,  and  raises  the  small  piston. 
If  we  now  suppose  the  large  piston  shifled  to  the  bottom  of  the 


Fig.  31G.— SUdlniTi  Air^oigina. 

Cylinder,  the  air  will  cool,  and  its  tension  will  diminish,  becoming 
equal  to  or  even  less  than  that  of  the  atmosphere.  The  gmall  piston 
will  thus  be  carried  to  the  bottom  of  the  cylinder  by  the  movement 
of  the  fly-wheel,  and  will  again  be  pushed  up  by  the  expanding 
air,  if  we  suppose  the  lai^  piston  to  rise  again  to  the  top  of  its 
cylinder. 
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This  motion  of  the  large  piston  is  effected,  an  shown  in  the  6gure, 
by  meui3  of  an  eccentric  on  tlie  axle  of  the  fly-wheel  The  engine 
a  of  small  size,  and  is  intended  for 
purposes  requiring  but  little  power. 
Toobtam  high  efEciency,  according 
to  the  principles  of  the  preceding 
ciapter,  the  difference  of  tempera- 
ture between  the  two  ends  of  the 
i»rge  cylinder  should  be  very  great. 
This  amounts  to  saying  that  the 
lower  end  must  be  kept  very  hot, 
since  it  is  practically  impossible  to 
teep  the  npper  end  much  cooler 
thm  the  surrounding  atmosphere. 

The  facihty  of  maintaining  a  very        „    „,    „  ^,    _„,  „  ^  .,     ^ 
iiigti   temperature    constitutes    at 

once  the  strength  and  the  weakness  of  the  air-engine.  The  bottom 
o!  the  cylinder  becomes  rapidly  oxidized,  and  needs  frequent  renewal 
Partly  for  this  reason,  and  partly  on  account  of  the  small  expansi- 
bility of  air  as  compared  with  the  expansion  which  takes  place  when 
water  is  converted  into  steam,  air-engines  are  seldom  employed  for 
ia^  powers. 

364.  The  Steam-engine :  its  History. — As  early  as  the  seventeenth 
antury,  when  Otto  Guericke  and  Torricelli  were  investigating  the 
pressure  and  the  weight  of  air,  attention  had  been  given  to  the  phy- 
^1  properties  of  steam,  and  the  idea  of  employing  it  as  a  soui'ce  of 
work  had  been  entertained. 

The  first  person  who  made  steam  drive  a  piston  was  Papin,  a  french 
philosopher,  inventor  of  the  digester  and  the  safety-valve  (bom  1650; 
lied  1710).  About  the  year  1690  he  constructed  a  working  model, 
>xos8ting  of  a  cylinder  open  at  the  top,  containing  a  piston  and  a 
litde  water  below  it  The  water  was  converted  into  steam  by  the 
plication  of  heat,  and  raised  the  piston.  The  machine  being  then 
aUowed  to  cool,  the  steam  lost  its  tension,  and  the  pressure  of  the 
atmosphere  forced  the  piston  to  descend.  A  backward  and  forward 
■notion  was  thus  obtained,  which  Papin  proposed  to  convert  into  a 
ntatorymotton  bymeansof  rack^  and  pinion  work  and  ratchet-wheels. 

'  A  ndc  U  k  Artight  bu  with  teeth  kt  one  edge,  which  works  with  •  toothed  wheel 
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A  description  of  Papin's  machine  is  given  in  the  Acta  ErudUorum 
under  date  1690. 

The  first  steam-engine  actually  employed  for  doing  useful  work 
was  invented  by  Savery  about  1697,  and  was  extensively  used  for 
draining  mines.  Steam  from  a  separate  boiler  was  admitted  to  pr^ 
upon  the  surface  of  water  in  a  vessel,  and  thus  force  it  up  through 
an  ascending  pipe;  and  on  the  condensation  of  the  steam,  water  from 
a  lower  level  was  raised  into  the  vessel  by  atmospheric  pressura 
The  condensation  was  effected  by  applying  cold  water  to  the  outside 
of  the  vessel 

Savery  s  engine,  which  was  a  steam-pump,  and  not  an  engine 
adapted  for  general  purposes,  was  superseded  by  an  engine  joiotly 
contrived  by  Newcomen,  Savery,  and  Cawley,  which  combined  the 
cylinder  and  piston  with  the  separate  boiler  and  with  condensation 
by  the  injection  of  cold  water  into  the  cylinder.  This  engine  is 
generally  referred  to  as  Newcomen's  atmospheric  engine, — so  called 
because  the  descent  of  the  piston  was  produced  by  atmospheric  pres- 
sure, on  the  condensation  of  the  steam  beneath  it 

James  Watt  (born  1736;  died  1819),  who  effected  the  most  im- 
portant improvements  in  the  steam-engine,  had  his  attention  called 
to  the  subject  when  engaged  in  repairing  a  model  of  Newcomen's 
engine,  being  at  that  time  philosophical  instrument  maker  to  the 
University  of  Glasgow.  His  first  improvement  consisted  in  the 
introduction  of  a  separate  vessel  for  the  condensation  of  the  steam, 
so  as  to  allow  of  keeping  the  cylinder  always  hot. 

This  first  improvement,  which  immediately  produced  a  great  saving 
of  fuel,  was  followed  by  another  of  scarcely  less  importance  This 
consisted  in  substituting  the  pressure  of  steam  for  the  atmospheric 
pressure,  which  in  Newcomen's  engine  caused  the  downward  stroke 
of  the  piston.  The  upward  stroke  was  effected  by  means  of  a  coun- 
terpoise, the  steam  being  admitted  to  press  equally  both  above  and 
below  the  piston.  These  two  iniprovements,  and  a  general  perfect- 
ing of  the  details  of  the  machinery,  caused  Watt's  engine  to  supersede 
that  of  Newcomen.  The  engine  thus  contrived  by  Watt  is  called 
jingle-acting,  because  only  the  down-stroke  of  the  piston  is  produced 
by  the  pressure  of  steam.  This  arrangement  is  particularly  adapted 
for  pumping,  and  is  commonly  employed  at  the  present  day  for 
draining  mines.  It  was  not  long  before  Watt  perfected  his  engine 
by  employing  steam  to  produce  both  the  up-stroke  and  the  down- 
stroke.     This  is  the  characteristic  of  the  double-acting  engine,  which 
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vu  carried  to  a  high  degree  of  perfecbioo  by  the  inventor  bimselt 
and  vbich  is  now  most  frequently  adopted  as  the  eource  of  moving 
power.  We  may  add  that  the  improvementa  introduced  in  the 
stcsm-engine  since  Watt's  time  have  been  matters  of  detail  rather 
thui  of  principle.     We  proceed  to  describe  Watt's  engine. 

36S.  Prineipls  of  the  Doable>aoting  Esgrine. — M  (Fig.  317)  ia  aboiler 
commiinicatiug  with  the  top  and  bottom  of  the  cylinder  by  means  of 
tvo  Btop-cocks  a  and  h     Connection  can  be  established  between  the 


Fig.  SIT.— Trindpla  of  tbs  DonblouUng  Eugine. 

•blinder  and  the  condenser  I  by  two  other  cocks  c  and  d.  If  now 
tbe  cocks  a  and  c  are  opened,  and  b  and  d  shut,  the  steam  from  the 
lioiler  will  arrive  above  the  piston  P,  while  that  which  was  previously 
iDtrodnced  below  will,  by  communication  with  the  condenser,  be 
more  or  less  condensed,  and  will  thus  lose  its  elastic  force;  the  piston 
»ill  accordingly  descend  to  the  bottom  of  the  cylinder.  The  two 
iwks  b  and  d  are  then  opened,  while  the  other  two  are  shut;  the 
Veam  above  the  pbton  is  thus  condensed,  while  that  below  the  piston 
^JTces  it  up,  thus  causing  the  upward  stroke,  after  which  the  piston 
coay  again  be  made  to  descend,  and  so  on. 

We  thus  see  that,  by  suitable  manipulation  of  the  stop-cocks 
5.6,  e,d,  we  can  give  the  piston  a  backward  and  forward  motion,  "which 
My  easily  be  transformed  into  one  of  rotation.      For  this  purpose 
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the  piston-rod  is  connected  with  one  end  of  the  beam  EO  by  the 
jointed  parallelogram  CBDE,  while  the  other  end  of  the  beam  is 
jointed  to  the  connecting-rod  GL,  which  is  itself  jointed  to  thecnuik 
of  the  fly-wheel  RR. 

It  will  be  seen  that,  if  the  piston  descends,  the  action  of  the  crank 
will  drive  the  wheel  in  the  direction  shown  by  the  arrow.  When 
the  piston  has  completed  its  downward  stroke,  the  connecting-rod 
and  the  crank  will  be  in  a  straight  line,  and  the  action  of  the  former 
upon  the  latter  will  have  no  tendency  to  turn  the  wheel  either  way. 
This  position  is  called  a  dead  point  But  the  momentum  acquired 
by  the  fly-wheel  will  carry  it  past  this  position,  and,  the  piston  having 
then  commenced  its  upward  stroke,  the  rotatory  movement  will  con- 
tinue in  the  same  direction  until  the  rod  and  crank  are  at  the  other 
dead  point,  which  occurs  at  ISO""  from  the  first,  and  is  passed  over 
in  the  same  way.  We  thus  see  that,  by  means  of  the  alternate 
motion  of  the  piston,  we  can  obtain  a  rotatory  motion,  which  may 
be  imparted  to  a  horizontal  shaft,  and  made  to  drive  machinery  of 
any  kind. 

The  jointed  pai*allelogram  which  connects  the  piston-rod  with  the 
beam  is  one  of  the  most  ingenious  of  the  improvements  introduced 
by  Watt.    Its  use  is  evident.    When  the  engine  is  at  work,  the  end  E 
of  the  beam  describes  an  arc  of  a  circle,  while  the  end  D  of  the  piston- 
rod  moves  in  a  straight  line ;  it  is  therefore  impossible  to  joint  them 
directly  together.    They  are  therefore  connected  through  the  medium 
of  the  short  rod  ED,  which,  with  the  two  other  rods,  BD  and  BC, 
together  with  the  part  CE  of  the  beam,  form  a  jointed  parallelo' 
gram,  the  angles  of  which  can  vary  according  to  the  position  of  the 
beam.     The  angle  B  is  connected  by  a  joint  with  the  end  of  the 
radius-rod  BO,  movable  about  the  fixed  point  0.     The  effect  of  this 
arrangement  is  as  follows: — If  we  take  the  beam  in  a  horizontal 
position,  and  suppose  the  end  E  to  rise,  the  point  D  will  be  drawn 
towards  the  left  by  the  action  of  the  beam,  and  towards  the  right  by 
the  action  of  the  radius-rod  B  O,  which,  from  its  checking  the  move- 
ment of  the  piston-rod  to  either  side,  is  often  called  the  hridle-rod. 
It  will  easily  be  understood  that  these  two  contrary  actions  may  be 
made  to  balance  each  other  almost  exactly,  and  that,  accordingly, 
the  path  of  D  will  deviate  very  little  from  a  straight  line. 

866.  Arrangement  for  Admitting  the  Steam. — We  have  simplified 
the  description  of  the  steam-engine  by  supposing  that  the  cocks  a 
and  c,  h  and  d  were  alternately  opened  by  hand.     This,  however,  is 
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not  the  actual  arrangement,  tfae  opening  and  closing  of  the  paBsages 
being  really  effected  by  automatic  movements.  The  most  usual 
unogement  for  this  purpose  is  the  slide-valve,  which  we  now  pro- 
ceed to  describe. 

The  st«am,  instead  of  entering  the  cylinder  directly,  passes  into  it 
from  a  box  in  front  of  it  (Fig.  318),  which  is  called  the  valve-ckesL 
la  tiie  opposite  &ce  of  the  box  from  that 
at  which  the  steam  enters,  are  three  holes 
irporU  near  each  other.  The  uppermost 
of  tbese  communicates  with  the  upper 
put  of  the  cylinder;  the  lowest  one 
with  the  lower  part;  and  the  middle 
bole  with  o,  w^hich  itself  is  in  communi- 
cation with  the  condenser.  Upon  this 
^  of  the  box  there  slides  a  rectan- 
^olu  piece  of  metal,  hollowed  out  on 
tbe  dde  next  these  openings,  and  large 

eooogh  to  reach  over  two  of  the  ports  n,,  ais.-suds-rnre, 

at  once. 

In  the  right-hand  figure  this  alide-valve  is  supposed  to  be  at  tbe 
t^p  of  its  upward  stroke,  thus  admitting  the  steam  below  the  piston, 
aod  poshing  it  in  the  direction  indicated  by  the  arrow;  while  the 
Aom  above  the  pifton  is  put  in  communication  with  the  condenser. 
[n  tbe  left-hand  figure,  the  opposite  position  is  shown ;  the  steam  is 
Emitted  above  the  piston,  while  the  lower  part  of  the  (^linder  is  ia 
commanication  with  the  condenser. 

367.  Hovement  of  the  81idin(f-valve. — It  is  desirable  that  the  move- 
meotof  the  slide-valve  should  be  automatic;  for  this  purpose  the 
following  arrangement  is  employed.     A  circular  piece  of  metal  e. 


nlled  Uie  eccentric,  is  traversed  by  the  shaft  of  the  engine  in  a  point 
<bich  is  not  the  centre  of  the  piece,  and  is  rigidly  attached  to  the 
rittft.    This  eccentric  is  surrounded  with  a  ring  of  metal,  which  can 
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turn  freely  about  it,  and  which  forms  part  of  the  triangular  frame  T. 
The  vertex  of  the  triangle  is  fastened  to  a  bent  lever  abc,  which  thus 
receives  an  oscillatory  movement  about  the  point  b.  This  movement 
raises  and  lowers  alternately  the  rod  d,  which  is  attached  to  the 
«liding-valve,  and  thus  gives  that  valve  its  motion. 

S68.  Air-pump  of  the  Condenser. — The  condenser  is  a  cylinder  into 
which  a  jet  of  cold  water  constantly  plays,  the  quantity  of  which 
can  be  increased  or  diminished  at  pleasure.  The  steam,  in  its  con- 
densation, heats  the  cold  water,  and  at  the  same  time  the  air  con- 
tained in  the  water  is  disengaged,  owing  to  the  small  pressure  in  the 
condenser.  It  is  thus  found  necessary  to  pump  out  both  the  air  and 
the  water;  and  the  pump  which  does  this  is  driven  by  the  beam  of 
the  engine. 

The  warm  water  thus  drawn  out  is  conducted  to  a  reservoir,  whence 
a  portion  of  it  is  raised  by  a  second  pump,  and  forced  into  the  boiler. 
Finally,  a  third  pump,  usually  of  greater  power  than  the  other  two, 
raises  water  from  some  external  source,  and  discharges  it  into  a  hath 
called  the  cold  well,  which  feeds  the  condenser.  These  last  two  pumps 
are  also  connected  with  the  beam  of  the  engine. 

869.  Governor-balls. -^The  apparatus  called  the  governor-balls  or 
the  centrifugal  governor  was  designed  by  Watt  for  the  purpose  of 
regulating  the  admission  of  steam  in  such  a  manner. as  to  render  the 
rate  of  the  engine  nearly  constant  through  all  variations  of  the  resist- 
ance to  be  overcome. 

It  consists  of  a  vertical  axis  y  (Fig.  320),  which  receives  a  rotatory 
movement  from  the  machine.  To  the  top  of  this  are  jointed  two 
rods  a/3,  o'/J',  carrying  the  heavy  balls  Z  and  Z'.  Two  other  rods, 
fi  e,  fi'e,  are  jointed  to  the  first,  so  as  to  form  with  them  a  lozenge, 
the  lower  end  of  which  is  fastened  to  a  sliding-ring  7n,  which  sur- 
rounds the  axis  of  rotation.  When  the  engine  is  at  rest,  the  sides  of 
the  lozenge  are  as  near  as  possible  to  the  vertical,  but  when  it  begins 
to  work,  the  balls  are  carried  out  from  the  vertical  by  centrifugal 
force,  and  the  distance  increases  with  the  velocity  of  rotation.  The 
sliding-ring  is  thus  raised,  and,  by  means  of  a  system  of  levers,  acts 
upon  a  throttle- valve  (a  disc  turning  about  a  diameter)  in  the  steam- 
pipe,  so  as  to  diminish  the  supply  of  steam  to  the  cylinder  when  the 
velocity  increases. 

370.  Use  of  the  Fly-wheel. — From  the  mode  in  which  the  motion 
of  the  piston  is  transmitted  to  tlie  shaft,  it  is  obvious  that  the  driving 
couple  undergoes  great  variations  of  magnitude.     It  is  greatest  (oott- 


eidered  statically)  when  the  crank  is  nearly  at  right  angles  to  the 
MDneetiag-rod,  and  diminishes  in  approaching  the  dead  points,  where 
it  vnniahes  altogether.  These  vanations  in  the  driving  couple  tend  to 
)roiiuce  corresponding  variations  in  the  velocity  of  rotation. 


FIb-  SK).— WtTT'a  Ekowe. 

iCI>.  Jointad  tHnUriognm.  CC,  biKm.  tpmiiiK  nbont  O,  CV,  i»nD»ttng-nid.  OH, 
:.  llCtK^had  to  Kiii  af  Bj-Hlnl.  VV.Oj-whsoL  t,  nmonlric,  which,  bj  mown  of  th»  tomi* 
imoB  thelerwit,  atbl^b  idoth  tha  tllda  tiIt*.  ii.iaiindl^  con).  juBing  oru-ipulla^ 
3  mJcU  C.  and  cer  k  •Kond  pulla;  i,  who«  raotioa  ia  tnnniiittail  bj  bersl  Hfa«l(  to  tlw 
'  of  tha  omtdibgiU  ffOT«niDr,  aw,  m  rod  mored  bj  tbfl  hug  m.  and  trudmLttlDg  LU  incpT*< 
bv-  jTiHuia  of  lervn  to  tlH  thnfttls-T^Vfl.  H,  condeiun.  RR,  wld  waTL  f,  tube  thmigh 
^bm  WAtflT  oT  tha  a>ld  well  under  atmoapherio  praaanxa  Adkb  iuLo  thfl  KDdiniHr.  EB", 
tfr  <^  axkiADat-paiiip.  P,  platoD  of  ditto.  S,  talTs.  Z.  rod  of  the  pamp  U  mhich  aupplLaa 
■it  irell.  A',  UUi  nbloh  no^TH  the  water  dnon  from  the  candeoHT.  T,  »d  of  the  feed- 
er, whiohdnwawam-booi  B'lmdfonMlt  intotheboUer. 

r-  causes  also  contribute  to  produce  the  same  result,  especially 
ia-tiona  in  the  amount  of  resistance  to  be  overcome     If,  for 
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instance,  the  engine  drives  a  wheel  with  cams  which  raise  a  tilir 
hammer,  when  the  hammer  &Ils  the  principal  resistance  is  removed, 
and  the  engine  immediately  begins  to  quicken  its  speed.  When  tiie 
hammer  is  caught  again  by  the  next  cam,  the  velocity  is  suddenly 
diminished,  and  so  on.  Similar  results,  though  not  of  so  marked  a 
character,  are  produced  in  engines  of  all  kinds.  These  sudden  changes 
of  velocity,  if  not  mitigated,  would  be  very  injurious  to  the  mechan- 
ism of  the  engine,  by  the  shocks  which  they  would  produce. 

The  use  of  the  fly-wheel  is  to  remedy  this  evil.     It  is  a  whed  of 
considerable  size  and  weight  (the  weight  being  collected  as  much  as 
possible  at  the  rim),  and  receives  a  rotatory  movement  from  the 
engine.     If  the  driving  power  increases,  or  the  resistance  diminishes, 
all  the  moving  parts  of  the  engine  acquire  increased  velocities;  but 
the  greatest  part  of  the  additional  energy  of  motion  thus  generated 
goes  to  the  fly-wheel,  which  has  such  a  large  moment  of  inertia  that 
a  very  slight  change  in  its  angular  velocity  represents  a  large  amount 
of  energy  (§  53  a).     The  energy  thus  absorbed  by  the  fly-wheel  is 
restored  by  it  when  the  velocity  is  checked ;  and  the  rotation  of  the 
shaft  is  thus  rendered  nearly  uniform  in  all  parts  of  the  stroka    The 
size  of  the  fly-wheel  is  usually  made  such  that  the  difference  between 

the  greatest  and  least  velocities  shall  not  exceed  about  ^  of  the  mean 

velocity. 

371.  General  Description  of  Watt's  Engine. — The  explanations  above 
given  will  enable  the  reader  to  understand  the  general  arrangement 
of  Watt's  engine  as  represented  in  Fig.  320.  It  is  merely  necessary 
to  remark  that  the  slide-valve  is  slightly  different  from  that  described 
above,  but  the  modification  is  not  of  any  importance. 

372.  Working  Expansively. — Among  the  modifications  introduced 
since  Watt  s  time,  we  must  notice  in  the  first  place  what  is  called 
expansive  working}  When  the  piston  has  performed  a  part  of  its 
stroke,  the  steam  is  shut  off  (or  in  technical  phrase  cvi  off)  from  the 
cylinder,  and  the  expansive  force  of  the  steam  already  admitted  is 
left  to  urge  the  piston  through  the  remainder  of  its  course.  By  this 
means  a  great  economy  of  steam  may  be  effected.  The  part  of  the 
stroke  at  which  the  cut-off  occurs  may  be  determined  at  pleasure. 
It  is  sometimes  at  half-stroke,  sometimes  at  quarter-stroke,  some- 
times at  one-fifth  of  stroke.     In  the  latter  case,  the  piston  describes 

^  This  was  one  of  Watt's  inventions,  but  it  has  been  much  more  fully  developed  in  recent 
times. 
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the  remaiDing  four-fifths  of  its  stroke  under  the  gradually  diminish- 
iog  preasare  of  the  steam  which  entered  the  cylinder  during  the  first 
fiitb ;  and  the  work  done  during  these  four-fifths  is  so  much  woi^ 
guned  by  working  expaDsively. 

873.  Modifleatioii  of  Blide-TOlre  for  ExpasBive  yfoikiag. — The  cub- 
ting-off  of  the  steam  before  the  end  of  the  stroke  is  usually  effected 
by  the  contrivance  represented  in  Fig.  321:  ad,  a'd',  axe  two  plates 
fonning  part  of  the  slide-valve 
and  of  much  greater  width  than 
the  openings  L,  L'.  The  excess 
of  width  ie  called  lap.  By  this 
arrangement  one  of  the  apertures 
is  kept  closed  for  some  time,  so  pig.  s!i— sud^TiiTB  (or  kipmuItb  worung. 
that  the  steam  ia  shut  ofl^,  and 

acts  only  by  its  expansion.  The  expansion  increases  with  the  lap, 
bat  not  in  simple  proportion,  as  equal  movements  of  the  slide-valve 
do  not  correspond  to  equal  movements  of  the  piston.  The  amount  of 
expansion  can  tdso  be  r^ulated  by  means  of  the  link-motion,  which 
will  be  described  in  |$  390. 

374.  Compound  EsginsB. — This  is  the  name  given  to  engines  in 
which  tbe  steam  performs  the  greater  part  of  its  expandou  in  a  second 
(^linder,  of  much  laiger  cross-section  than  tbe  first,  the  iucreased 
area  of  pressure  on' the  piston  serving  to  compensate  for  the  dimin- 
ished  intensity  of  pressure  which 
exists  in  the  latter  part  of  the  stroke, 
and  thus  to  produce  greater  steadi- 
nesB  of  driving-power.   Various  me- 
thods have  been  adopted  for  con- 
oeeting   the   two   cylinders.      One 
arrangement  for  this  purpose  is  re- 
presented  in  Fig.  322.     p  is  tbe 
smaller    piston,    working    in    the 
smaller  cylinder  ABCD.     P  is  the 
larger  piston,  working  in  the  larger 
cyl^d^  A'B'Ciy.     In  the  up-stroke,  the  passage  DA'  is  closed,  and 
CK  is  open.     The  small  piston  is  forced  up  by  the  high-pressure 
■team  beneath,  while  tbe  steam  above  it,  instead  of  escaping  to  a 
condenser,  expands  into  the  large  cylinder,  and   there  raises  the 
piston  P,  the  upper  part  of  the  large  cylinder  being  connected  with 
tbe  ccmdenser.     In  the  down-stroke,  the  passage  CB'  is  closed,  and 
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DA'  is  open.  The  two  piston-rods  are  connected  with  the  same  end 
of  the  beam,  and  nse  and  fall  together.  The  distribution  of  ihe 
steam  is  effected  by  means  of  two  slide- valves,  each  governed  by  an 
eccentric. 

Compound  engines  have  been  adopted  for  some  lines  of  ocean- 
steamers,  where  it  is  of  primary  importance  to  obtain  as  much  work 
as  possible  from  a  limited  quantity  of  fuel  Engineers  are,  however, 
divided  in  opinion  as  to  whether  any  advantage  attends  their  use. 

374a.  Surface  Oondensation. — In  several  modem  engines^  the  con- 
denser consists  of  a  number  of  vertical  tubes  of  -about  half  an  inch 
diameter,  connected  at  their  ends,  and  kept  cool  by  the  externid 
contact  of  cold  water.  The  steam,  on  escaping  from  the  cylinder, 
enters  these  tubes  at  their  upper  ends,  and  becomes  condensed  in  its 
passage  through  them,  thus  yielding  distilled  water,  which  is  pumped 
back  to  feed  the  boiler.  The  same  water  can  thus  be  put  through 
the  engine  many  times  in  succession,  and  the  waste  which  occors  is 
usually  repaired  by  adding  from  time  to  time  a  little  distilled  water 
prepared  by  a  separate  apparatus 

376.  Olassification  of  Steam-engines. — ^The  distinctions  which  exist 
between  different  kinds  of  stationary  engines  relate  either  to  the 
pressure  of  the  steam,  or  to  its  mode  of  action,  or  to  the  arrangement 
of  the  mechanism,  especiaUy  as  regards  the  mode  in  which  the  move- 
ment of  the  piston  is  transmitted  to  the  rest  of  the  machinery. 

On  the  first  of  these  heads,  it  must  be  remarked  that  the  terms 
low-pressure  and  high-pressure  are  no  longer  equivalent  to  con- 
densing and  non-condensing  as  they  once  were,  and  merely  express 
differences  of  degree. 

When  the  pressures  employed  are  very  low  there  is  little  risk  of 
explosion  and  little  wear  and  tear;  but  the  engine  must  be  very  large 
in  proportion  to  its  power,  and  expansive  working  cannot  be  em- 
ployed. Low-pressure  engines  are  always  condensing,  though  the 
converse  is  not  true. 

With  regard  to  the  mode  of  action  of  the  steam,  engines  may  be 
classed  as  condeusiug  or  non-condensing,  as  expansive  or  non-expan- 
sive. Condensation  increases  the  quantity  of  work  obtainable  from 
a  given  consumption  of  fuel,  and  is  almost  always  employed  for 
stationary  engines  where  the  supply  of  water  is  abundant,  and  also 
for  marine  engines,  but  it  is  dispensed  with  in  locomotives  and 
agricultural  engines. 

Expansive  working  is  also  conducive  to  efficiency,  as  is  obvious 
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from  §  372.  Assuming  tbe  tempeTatnra  of  the  Bteam  to  remain  cod- 
itant  during  the  espansioD,  the  following  table,  calculated  bj  an 
ipplicatioo  of  Boyle's  law,  exhibits  the  relative  amounts  of  work 
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tJon  for  another  half-revolution,  when  the  two  sectors  will  have 
resumed  the  position  represented  in  the  figure. 

380.  Boilers. — There  are  many  forms  of  boiler  in  use.  That  which 
is  represented  in  Fig.  327  is  the 
favourite  form  in  France,  and  is  also 
extensively  used  in  this  country, 
where  it  is  called  the  French  hoUer, 
arihecyliTidrical  boiler  vnihhtaUrs. 
The  main  hoiler-Bhell  Aiscjlindncal 
with  hemispherical  ends.  BB  are 
two  cylindrical  tubes  called  ieafere, 
of  the  same  length  as  the  main  shell, 
Fig  SM— BMtion  of  itaiirou-i  Engine  ^^'^  Connected  with   it  by  vertical 

tubes  (i,<i,  of  which  there  areaaually 
three  to  each  heater.  A  horizontal  brick  partition,  a  little  higher  th&n 
the  centres  of  the  heaters,  extends  along  their  whole  length;  and  aver- 
tical  partition  runs  along  the  top  of  each  beater,  except  where  inter- 
rupted by  the  vertical  tubea  The  Same  from  the  furnace  is  thus 
compelled  to  travel  in  the  first  instance  bacl^wards,  beneath  the 


— Bolln  with  BuUi 


heaters;  then  forwards,  through  the  intermediate  space  between  the 
heaters  the  vertical  tubes  and  the  main  shell;  and  lastly,  backwards, 
through  the  side  passages  CO,  which  lead  to  the  chimney.  By  thos  I 
compelling  the  flame  to  travel  for  a  long  distance  in  contact  with 
the  boiler,  the  quantity  of  heat  communicated  to  the  water  is 
increased.  | 

The  level  of  the  water  is  shown  at  A  in  the  left-hand  figure.     The 
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relative  spaces  allotted  to  the  steam  and  the  water  are  not  always 
tbe  same;  but  must  always  be  so  regulated  that  the  steam  shall 
arrive  in  the  cylinder  as  dry  as  possible,  that  is  to  say,  that  it  shall 
not  carry  with  it  drops  of  water.  Before  being  used,  boilers  should 
always  be  tested  by  subjecting  them  to  much  greater  pressures  than 
they  will  have  to  bear  in  actual  use.  Hydraulic  pressure  is  com- 
monly employed  for  this  purpose,  as  it  obviates  the  risk  of  explosion 
in  case  of  the  boiler  giving  way  under  the  test 

381.  Boilers  with  the  Fire  Inside. — When  it  is  required  to  lessen 
the  weight  of  the  boiler,  without  much  diminishing  the  surface 
exposed  to  heat,  as  in  the  case  of  marine  engines,  the  method  adopted 
is  to  place  the  furnace  inside  the  boiler,  so  that  it  shall  be  completely 
surrounded  with  water  except  in  front  The  flame  passes  from  the 
furnace,  which  is  in  the  front  of  the  boiler,  into  one  or  two  laige  tubes, 
leading  to  a  cavity  near  the  back,  whence  it  returns  through  a 
number  of  smaller  tubes  traversing  the  boiler,  and  finaUy  escapes  by 
the  chimney.  * 

382.  Bursting  of  Boilers:  Safety-valves. — Notwithstanding  the  tests 
to  which  boilers  are  subjected  before  being  used,  it  too  often  happens 
thatk  owing  either  to  excessive  pressure  or  to  weakening  of  the  boiler, 
very  disastrous  explosions  occur. 

Excess  of  pressure  is  guarded  against  by  gauges,  which  show  what 
the  pressure  is  at  any  moment,  and  by  safety-valves,  which  allow 
steam  to  escape  whenever  the  pressure  exceeds  a  certain  limit. 

Various  kinds  of  manometer  or  pressure-gauge  have  been  described 
in  CSiap.  xiv.  That  which  is  most  commonly  employed  in  connection 
with  steam-boilers  is  Bourdon's  (§  126). 

A  thermometer,  specially  protected  against  the  pressure  and  con- 
tact of  the  steam,  is  also  sometimes  employed,  under  the  name  of 
tkermo^TnanoTfieter,  on  the  principle  that  the  pressure  of  saturated 
steam  depends  only  on  its  temperature. 

The  «i/c<y-t;aZve,  represented  in  the  upper  part  of  Fig.  327,  consists 
of  a  piece  of  metal,  having  the  form  either  of  a  truncated  cone  or  of 
a  flat  plate,  fitting  very  truly  into  or  over  an  opening  in  the  boiler. 
Hie  valve  is  pressed  down  by  a  weighted  lever ;  the  weight  and  the 
kaigth  of  the  lever  being  calculated,  so  that  the  force  with  which  the 
valve  is  held  down  shall  be  exactly  equal  to  the  force  with  which  the 
«(eam  would  tend  to  raise  it  when  at  the  limiting  pressure.  In 
aovable  engines,  the  weighted  lever  is  replaced  by  a  spring,  the 
of  which  can  be  regulated  by  means  of  a  screw. 
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Safety-valves  afford  ample  protection  against  the  danger  amng 
from  gradual  increase  of  pressure ;  but  they  are  liable  to  &il  in  cases 
where  there  is  a  sudden  generation  of  a  large  quantity  of  steam.  This 
explosive  generation  of  steam  may  occur  from  various  causes 

If,  for  instance,  the  water  in  the  boiler  is  allowed  to  fall  too  low, 
the  sides  of  the  boiler  may  be  heated  to  so  high  a  temperature  that, 
when  fresh  water  is  admitted,  it  will  be  immediately  converted  into 
steam  on  coming  in  contact  with  the  metal 

Hence  it  is  of  great  importance  to  provide  that  the  water  in  the 
boiler  shall  not  fall  below  a  certain  level,  depending  on  the  Aa^e  of 
the  boiler  and  furnace. 

The  following  are  the  means  employed  for  securing  this  end:-— 

L  Two  cocks  are  placed,  one  a  little  below  the  level  at  whidi  tbe 
water  shoXdd  stand,  and  the  other  a  little  above  it;  these  are  opened 
from  time  to  time,  when  water  should  issue  from  the  firsts  and  steam 
from  the  second. 

2.  The  wdter-gauge  is  a  strong  vertical  glass  tube,  having  its  ends 
fitted  into  two  short  tubes  of  metal,  proceeding  one  from  the  steam- 
space  and  the  other  from  the  water-spaca  The  level  of  the  water  is 
therefore  the  same  in  the  gauge  as  in  the  boiler,  and  is  constantly 
visible  to  the  attendant  The  metal  tubes  are  furnished  with  cocks, 
which  can  be  closed  if  the  glass  tube  is  accidentally  broken. 

384.  Causes  of  Explosion. — Another  cause  of  the  explosive  genera- 
tion of  steam  is  the  incrustation  of  the  boiler  with  a  hard  depodt, 
due  to  the  impurities  of  the  water  employed.  This  crust  is  a  bad 
conductor,  and  allows  the  portion  of  the  boiler  covered  with  it  to 
become  overheated ;  when,  if  water  should  find  its  way  past  the  crust, 
and  come  in  contact  with  the  hot  metal,  there  is  great  danger  of 
explosion. 

The  best  preventive  of  incrustation  is  the  employment  of  distilled 
water  in  connection  with  surface  condensation  (§  374  a).  In  default 
of  this,  portions  of  the  water  in  the  boiler  must  be  blown  off  from 
time  to  time  so  as  to  prevent  it  from  becoming  too  highly  concen- 
trated. This  is  especially  necessary  when  the  boiler  is  fed  with  salt 
water. 

Among  the  causes  of  the  bursting  of  boilers,  we  may  also  notice 
undue  smallness  of  the  veitical  tubes  in  boilers  with  heaters  ^  380) 
Wlien  this  fault  exists,  the  steam  which  is  generp  ted  is  not  imme- 
diately replaced  by  water,  and  overheating  is  liable  to  occur. 

Another  cause  of  explosions  is  probably  to  be  found  in  a  property 


FEEDDfQ  OF  THE   BOILER.  485 

of  v&ter  which  has  only  recently  been  recognized.  It  has  been 
shown  that,  when  water  is  deprived  of  air,  it  does  not  begin  boiling 
till  it  has  acqoired  an  abnormally  high  tempetatxire,  and  then  bursts 
into  steam  with  explosive  violence  (§  263,  Donny's  experiment). 
This  danger  is  to  be  apprehended  when  a  boiler,  which  has  been 
allowed  to  cool  after  being  for  some  time  in  use,  is  again  brought 
into  action  without  the  addition  of  a  fresh  supply  of  water. 

But  it  appears  that  the  most  frequent  cause  of  boiler  explosions  is 
the  gradual  eating  away  of  some  portion  of  the  boiler  by  rust,  so  as 
to  render  it  at  last  too  weak  to  withstand  the  pressure  of  the  steam 
within  it  The  only  general  remedy  for  this  danger  is  periodical  and 
enforced  inspection. 

385.  Feeding  of  the  Boiler:  Oifi^d'a  Injector. — The  feeding  of  the 
boiler  is  usually  effected  by  means  of  a  pump  driven  by  the  engine 


»(.  an.— OlSkrifi  Iqleotor. 

itseIC  Of  late  years  Uiis  plan  has  been  lately  superseded  by 
Gi&rd's  invention  of  an  apparatus  by  means  of  which  the  boiler  is 
nipplied  with  water  by  the  direct  action  of  its  own  steam. 

This  -very  curious  apparatus  contains  a  conical  tube  tt,  by  which 
tbe  steam  issues  when  the  injector  is  working;  th«  steam  from  the 
toiler  oomes  through  the  tube  V  V,  and  enters  the  tube  1 1  through 
ooall  boles  in  its  circumferenca     On  issuing  from  the  cone  1 1,  the 
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steam  enters  another  cone  c  c,  where  it  meets  the  water  which  is  to 
feed  the  boiler,  and  which  comes  through  the  tube  EE.  The  contact 
of  the  water  and  the  steam  produces  two  results :  (1)  the  steam,  which 
possesses  a  great  velocity  due  to  the  pressure  of  the  boiler,  communi- 
cates part  of  its  velocity  to  the  water;  (2)  at  the  same  time  the  steam 
is  condensed  by  the  low  temperature  of  the  water,  so  that  at  the 
extremity  of  the  cone  as  far  hs  ee  the  entire  space  is  occupied  by 
water  only,  with  the  exception  of  a  few  bubbles  of  steam  which 
remain  in  the  centre  of  the  liquid  vein. 

The  liquid,  on  issuing  from  the  cone  c  c,  traverses  an  open  space 
for  a  little  distance  before  entering  the  divergent  opposite  cone  dd, 
through  which  it  is  conducted  to  the  boiler  by  the  pipe  M.  The 
water  will  not  enter  the  boiler  unless  it  possess  a  sufficient  velocity 
to  produce  in  the  divergent  cone  a  greater  pressure  than  that  which 
exists  in  the  boiler ;  when  this  is  the  case,  the  excess  of  pressure  opens 
a  valve,  and  water  enters  the  boiler  from  the  injector. 

We  may  complete  this  brief  description  by  pointing  out  one  or 
two  arrangements  by  which  the  action  of  the  apparatus  is  regulated 
It  is  useful  to  be  able  to  vary  the  volume  of  steam  issuing  through 
the  cone  ^^,  as  required  by  the  pressure  in  the  boiler;  this  is  easily 
effected  by  means  of  the  pointed  rod  a  a,  which  is  called  the  needle, 
and  is  screwed  forwards  or  backwards  by  turning  a  handle.  It  is 
also  necessary  to  be  able  to  regulate  the  volume  of  water  which  enters 
the  cone  c  c  from  the  supply-pipe  E ;  this  is  done  by  means  of  a  lever, 
which  is  not  shown  in  the  figure,  and  which  moves  the  tube  and 
cone  1 1  forwards  or  backwards. 

The  tube  E  dips  into  a  bath  containing  the  feed- water;  and  AT 
is  the  overflow  pipe. 

It  appears  at  first  sight  paradoxical  that  steam  should  be  able,  as 
in  Giffard's  injector,  to  overcome  its  own  pressure,  and  force  water 
into  the  boiler  against  itself;  but  it  must  be  remembered  that  the 
water  which  is  forced  in  is  less  bulky  than  the  steam  which  issues, 
so  that  the  exchange,  though  it  produces  an  increase  of  mass  in  the 
contents  of  the  boiler,  involves  a  diminution  of  pressure,  as  well  as 
a  fall  of  temperature. 

386.  Locomotive:  History. — ^The  following  sketch  of  the  history  of 
the  locomotive  is  given  by  Professor  Rankine.^  '*  The  application  of 
the  steam-engine  to  locomotion  on  land  was,  according  to  Watt,  sug- 

^  ManucU  of  the  Steam-enginej  pp.  zxY-zzvii,  edition  1868. 
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gesied  by  Bobison  in  1759.  In  1784  Watt  patented  a  locomotive* 
engine,  which,  however,  he  never  executed.  About  the  same  time 
Murdoch,  assistant  to  Watt,  made  a  very  efficient  working  model  of 
a  locomotive-engine.  In  1802  Trevithick  and  Vivian  patented  a 
locomotive-engine,  which  was  constructed  and  set  to  work  in  1804 
or  1805.  It  travelled  at  about  5  miles  an  hour,  with  a  net  load  of 
ten  ton^.  The  use  of  fixed  steam-engines  to  drag  trains  on  railways 
by  ropes,  was  introduced  by  Cook  in  1808. 

"  After  various  inventors  had  long  exerted  their  ingenuity  in  vain 
to  give  the  locomotive-engine  a  firm  hold  of  the  track  by  means  of 
rackwork-rails  and  toothed  driving-wheels,  legs  and  feet,  and  other 
contrivances,  Blackett  and  Hedley,  in  1813,  made  the  important  dis- 
covery that  no  such  aids  are  required,  the  adhesion  between  smooth 
wheels  and  smooth  rails  being  sufficient     To  adapt  the  locomotive- 
engine  to  the  great  and  widely- varied  speeds  at  which  it  now  has  to 
travel,  and  the  varied  loads  which  it  now  has  to  draw,  two  things 
are  essential — that  the  rate  of  combustion  of  the  fuel,  the  original 
source  of  the  power  of  the  engine,  shall  adjust  itself  to  the  work  which 
the  engine  has  to  perform,  and  shall,  when  required,  be  capable  of 
being  increased  to  many  times  the  rate  at  which  fuel  is  burned  in 
the  furnace  of  a  stationary  engine  of  the  same  size ;  and  that  the 
snr&ce  through  which  heat  is  communicated  from  the  burning  fuel 
to  the  water  shall  be  very  large  compared  with  the  bulk  of  the 
boiler.     The  first  of  these  objects  is  attained  by  the  blast-pipe,  in- 
vented and  used  by  George  Stephenson  before  1825;  the  second  by 
the  tub.ular  boiler,  invented  about  1829,  simultaneously  by  S^guin 
in  France  and  Booth  in  England,  and  by  the  latter  suggested  to 
Stephenson.     On  the  6th  October,  1829,  occurred  that  famous  trial 
of  locomotive-engines,  when  the  prize  offered  by  the  directors  of  the 
Liverpool  and   Manchester  Bailway  was  gained   by  Stephenson's 
engine  the  'Socket,'  the  parent  of  the  swift  and  powerful  locomo- 
tives of  the  present  day,  in  which  the  blast-pipe  and  tubular  boiler 
are  combined.    Since  that  time  the  locomotive  engine  has  been  varied 
and  improved  in  various  details,  and  by  various  engineers.    Its  weight 
now  ranges  from  five  tons  to  fifty  tons ;  its  load  from  fifty  to  five 
hundred  tons ;  its  speed  from  ten  miles  to  sixty  miles  an  hour." 

389.  Description  of  a  Locomotive. — ^A  section  of  a  locomotive  is 
represented  in  Fig.  329.  The  boiler  is  cylindrical  Its  forward  end 
abats  on  a  space  beneath  the  chimney,  called  the  smoke-bac  At  its 
other  end  is  a  larger  opening,  surrounded  above  and  on  the  two  sides 
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by  the  boiler,  and  called  the  Jire-box.  The  fuel  is  he:^)ed  up  on  the 
bars  which  form  the  bottom  of  the  £re-box,  and  the  cinders  fall  on 
the  line.     The  Jire-box  and  smoke-box  are  connected  by  brass  tubes, 
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Cylinders,  one  od  each  Bide  of  the  engine,  each  having  a  valve-chest 
and  glide-valve,  by  means  of  which  ateam  is  admitted  alternately 
before  and  behind  the  pistons.  The  ateam  escapes  from  the  cylinder, 
throngfa  the  blast-pipe  v,  up  the  chimney,  and  thus  increases  the 
draught  of  the  fire,  a  is  one  of  the  pistons,  b  the  piston-rod,  cc'  the 
connecting-rod,  which  is  jointed  to  the  crank  d  on  the  Eixle  ^f  the 
liriving-wbeel  m.  The  cranks  of  the  two  driving-wheels,  one  on  each 
aide  of  the  engine,  are  set  at  right  angles  to  each  other,  so  that,  wheD 
ose  is  at  a  dead  point,  the  other  is  in  the  most  advant^eous  position. 
(D  is  a  spring  safety-valve,  and  J  the  steam-whistla 

890.  Apparatus  for  Beversing::  Link-motion. — The  method  usually 
employed    for   reversing   engines  is  known  as  Stephenson's  liuk- 
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motion,  having  been  first  employed  in  locomotives  constructed  by 
Bobert  Stephenson,  son  of  the  maker  of  the  "Bocket."  The  merit 
of  tfie  invention  belongs  to  one  or  both  of  two  workmen  in  his 
employ — Williams,  a  draughtsman,  who  first  designed  it,  and  Howe, 
a.  pattern- maker,  who,  being  employed  by  Williams  to  construct  a 
model  of  his  invention,  introduced  some  important  improvements. 

The  link-motion,  which  is  represented  in  Fig.  330,  serves  two  pur- 
poses; first,  to  make  the  engine  travel  forwards  or  backwards  at 
pleasore;  and,  secondly,  to  regulate  the  amount  of  expansion  which 
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shall  take  place  in  the  cylinder.     Two  oppositely  placed  eccentrics, 
A  and  A'^  have  their  connecting-rods  jointed  to  the  two  extremities 
of  the  Ihik  B  B',  which  is  a  curved  bar,  having  a  slit,  of  uniform 
width,  extending  along  nearly  its  whole  length.     In  this  slit  travels 
a  stud  or  button  C,  forming  part  of  a  lever,  which  turns  about  a  fixed 
point  E.     The  end  D  of  the  lever  D£  is  jointed  to  the  connecting- 
rod  DN,  which  moves  the  rod  P  of  the  slide-valve.     The  link  itself 
is  connected  with  an  arrangement  of  rods  LIKH,^  which  enables  the 
engine-driver  to  raise  or  lower  it  at  pleasure  by  means  of  the  handle 
GHF.     When  the  link  is  lowered  to  the  fullest  extent,  the  end  B 
of  the  connecting-rod,  driven  by  the  eccentric  A,  is  very  near  the 
runner  C  which  governs  the  movement  of  the  slide-valve;  this  valve, 
accordingly,  which  can  only  move  in  a  straight  line,  obeys  the  eccen- 
tric A  almost  exclusively.     When  the  link  is  raised  as  much  as  pos- 
sible, the  slide-valve  obeys  the  other  eccentric  A',  and  this  change 
reverses  the  engine.     When  the  link  is  exactly  midway  between  the 
two  extreme  positions,  the  slide-valve  is  influenced  by  both  eccen- 
trics equally,  and  consequently  remains  nearly  stationary  in  its 
middle  position,  so  that  no  steam  is  admitted  to  the  cylinder,  and 
the  engine  stops.     By  keeping  the  link  near  the  middle  position, 
steam  is  admitted  during  only  a  small  part  of  the  stroke,  and  con- 
sequently undergoes  large  expansion.     By  moving  it  nearer  to  one 
of  its  extreme  positions,  the  travel  of  the  slide-valve  is  increased,  the 
ports  are  opened  wider  and  kept  open  longer,  and  the  engine  will 
accordingly  be  diiven  faster,  but  with  less  expansion  of  the  steam. 
As  a  means  of  regulating  expansion,  the  link-motion  is  far  from  per- 
fect, but  its  general  advantages  are  such  that  it  has  come  into  very 
extensive  use,  not  only  for  locomotives  but  for  all  engines  which  need 
reversal 

893.  Gas-engines. — This  name  includes  engines  in  which  work  is 
obtained  by  the  expansion  of  a  mixture  of  coal-gas  and  air,  on  igni- 
tion or  explosion.  In  Lenoir's  engine  a  piston  is  driven  alternately 
in  opposite  directions  by  successive  ignitions  of  such  a  mixture  on 
opposite  sides  of  it,  the  proportions  of  gas  and  air  being  such  as  not 
to  yield  a  true  explosion. 

In  the  engine  of  Otto  and  Langen  (Fig.  331),  a  true  explosive 
mixture  is  introduced  beneath  the  piston,  and  is  exploded  by  means 

^  I  is  a  6xed  oentre  of  motion,  and  the  rods  KI,  ML  are  rigidly  connected  at  right 
angles  to  each  other.  M  is  a  heavy  piece,  serving  to  counterpoise  the  link  and  eccentric 
rods. 


r  otto  3Hd  LUfTn. 
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of  a  lighted  jet,  which  is  brought  into  contact  with  the  mixture  by 
means  of  a  hole  in  a  movable  plate  of  metal,  driven  by  an  eccentric 
The  upward  movement  of  the  piston  thus  produced  is  too  violent  to 
admit  of  being  directly  communicated  to  machinery.  The  piston-rod 
is  a  rack,  working  with  a  pinion,  which  is  so  mounted  that  it  can 
slip  round  on  the  shaft  when  the  piston  ascends,  but  carries  the  shaft 
with  it  when  it  turns  in  the  opposite  direction  during  the  descent  of 
the  piston,  this  descent  being  produced  by  the  pressure  of  the  atmo- 
sphere, as  the  steam  resulting  from  the  explosion  condenses,  and  the 
unexploded  gases  cool.  The  vessel  shown  on  the  right  contains  cold 
water,  which  is  employed  to  cool  the  cylinder  by  circulating  round 
the  lower  part  of  it.  The  quantity  of  water  required  for  this  purpose 
is  much  smaller,  and  the  consumption  of  gas  is  also  much  less,  than 
in  Lenoir  s  engine. 


CHAPTER    XXXIV. 
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394.  Temperature  of  the  Air. — By  the  temperature  of  a  place 
steorologists  commonly  understand  the  temperature  of  the  air  at 
noderate  distance  (5  or  10  feet)  from  the  ground.  This  element  is 
lily  determined  when  there  is  much  wind ;  but  in  calm  weather, 
1  especially  when  the  sun  is  shining  powerfully,  it  is  often  difficult 
avoid  the  disturbing  efTect  of  radiation.  Thermometers  for 
erving  the  temperature  of  the  air  must  be  sheltered  from  rain 
!  sunshine,  but  exposed  to  a  free  circulation  of  air. 
95.  Mean  Temperature  of  a  Place. — The  Tnean  temperature  of  a 
is  obtained  by  making  numerous  observations  at  equal  intervals 
ime  throughout  the  day  (24  hours),  and  dividing  the  sum  of  the 
rved  temperatures  by  their  number.  The  accuracy  of  the  deter- 
ition  is  increased  by  increasing  the  number  of  observations;  as 
nean  temperature,  properly  speaking,  is  the  mean  of  an  infinite 
ber  of  teinperatures  observed  at  infinitely  short  intervals, 
the  curve  of  temperature  for  the  day  is  given,  temperature  being 
sented  by  height  of  the  curve  above  a  horizontal  datum  line, 
lean  temperature  is  the  height  of  a  horizontal  line  which  gives 
<akes  equal  areas;  or  is  the  height  of  the  middle  point  of  any 
ht  line  (terminated  by  the  extreme  ordinates  of  the  curve) 
gives  and  takes  equal  areas. 

empts  have  been  made  to  lay  down  rules  for  computing  the 
temperature  of  a  day  from  two,  three,  or  four  observations  at 
hours;  but  such  rules  are  of  very  limited  application,  owing  to 
ierent  character  of  the  diurnal  variation  at  difierent  places ; 
;  best  they  cannot  pretend  to  give  the  temperature  of  an 
ual  day,  but  merely  results  which  are  correct  in  the  long  run. 
ations  at  9  A.M.  and  9  P  M.  are  very  usual  in  this  country;  and 
f-sum  of  the  temperatures  at  these  hours  is  in  general  a  good 
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approximation  to  the  mean  temperature  of  the  day.  The  balf-Bum 
of  the  highest  and  the  lowest  temperature  in  the  day,  as  indicated 
by  maximum  and  minimum  thermometers,  is  often  adopted  as  the 
mean  temperature.  The  result  thus  obtained  is  usually  rather 
above  the  true  mean  temperature,  owing  to  the  circumstance  that 
the  extreme  beat  of  the  day  is  a  more  transient  phenomenon  than 
the  extreme  cold  of  the  night.  The  employment  of  self-registering 
thermometers  has,  however,  the  great  advantage  of  avoiding  eirors 
arising  from  want  of  punctuality  in  the  observer.  The  correction 
which  is  to  be  added  or  subtracted  in  order  to  obtain  the  true  mean 
from  the  mean  of  two  observations  is  called  a  correction  for  diurnal 
range.  Its  amount  differs  for  different  places,  being  usually  greatest 
where  the  diurnal  range  itself  (§  113)  is  greatest. 

The  mean  temperature  of  a  calendar  Tnonth  is  computed  by 
adding  the  mean  temperatures  of  the  days  which  compose  it^  and 
dividing  by  their  number. 

The  mean  temperature  of  a  year  is  usually  computed  by  adding 
the  mean  temperatures  of  the  calendar  months,  and  dividing  by 
1 2 ;  but  this  process  is  not  quite  accurate,  inasmuch  as  the  calendar 
months  are  of  unequal  length.  A  more  accurate  result  is  obtained  by 
adding  the  mean  temperatures  of  all  the  days  in  the  year,  and 
dividing  by  365  (or  in  leap-year  by  366). 

896.  Isothennals. — The  distribution  of  temperature  over  a  large 
region  is  very  clearly  represented  by  drawing  upon  the  map  of  this 
region  a  series  of  iaotherTnal  lines;  that  is,  lines  characterized  by  the 
property  that  aU  places  on  the  same  line  have  the  same  temperature. 
These  lines  are  always  understood  to  refer  to  mean  annual  tempera- 
ture unless  the  contrary  is  stated ;   but  isothermals  for  particular 
months,  especially  January  and  July,  are  frequently  traced,  one 
serving  to  show  the  distribution  of  temperature  in  winter,  and  the 
other  in  summer.    The  first  extensive  series  of  isothermals  was  drawn 
by  Humboldt  in  1817,  on  the  basis  of  a  large  number  of  observations 
collected  from  all  parts  of  the  world ;  and  the  additional  information 
which  has  since  been  collected  has  not  materially  altered  the  forms 
of  the  lines  traced  by  him  upon  the  terrestrial  globe.    They  are  in 
many  places  inclined  at  a  very  considerable  angle  to  the  parallels  of 
latitude ;  and  nowhere  is  this  deviation  from  parallelism  more  obser- 
vable than  in  the  neighbourhood  of  Great  Britain,  Norway,  and  Ice- 
land— places  in  this  region  having  the  same  mean  annual  temper- 
ature as  places  in  Asia  or  America  lying  from  lO""  to  20^  further  soutL 
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S99.  Insular  and  Continental  OlimateB. — The  difference  between 
the  temperatures  of  summer  and  winter  is  greatest  in  the  interior  of 
large  continents,  and  smallest  in  small  islands  in  the  midst  of  the 
ooean;  large  masses  of  water  being  exceedingly  slow  in  changing 
ibeir  temperature,  and  powerfully  contributing  to  prevent  extremes 
of  temperature  from  occurring  in  their  neighbourhood.  It  is  common 
to  distinguish  in  this  sense  between  contvnental  climates  on  the  one 
hand  and  i/naular  or  marine  climates  on  the  other. 

Some  examples  of  both  kinds  are  given  in  the  following  table. 
He  temperatures  are  Centigrade: — 


Faroe  Islands,  .     .     . 
Ide  of  TJnst  (Shetland), 
Iile  of  Man,     .     .     . 
Penzance^     .... 
Helston, 


MaBINS  CLIlfATES. 

Winter. 
8'-90 


4-05 

5  -59 
7-04 

6  19 


COSHTNKNTAL  CLIMATES. 


St  Petenburg, 

J&O0COW, 


Slatoost, 

Irkatak, 

Jakoutsk, 


-  8*-70 
- 10  -22 
- 18  -66 
- 16  -49 
-17  -88 

-  38  -90 


Samtner. 
ll*-60 
11  -92 

15  -08 

16  -83 
16-00 


15'"96 
17-55 
17  -35 
16  -08 

16  -00 

17  -20 


Diffaraooew 
7'-70 
7  -87 
9-49 
8-79 
9-81* 


24'-66 
27-77 
81  -01 
82-57 
83  -88 
56-10 


400.  Temperature  of  the  Soil  at  DifTerent  Depths.— By  employing 
thennometers  with  their  bulbs  buried  in  the  earth,  and  their  stems 
projecting  above,  numerous  observations  have  been  made  of  the 
temperature  from  day  to  day  at  difTerent  depths  from  1  inch  to  2  or 
3  feet;  and  at  a  few  places  observations  of  the  same  kind  have  been 
made  by  means  of  gigantic  spirit-thermometers  with  exceedingly 
strong  bulbs,  at  depths  extending  to  about  25  feet  It  is  found  that 
variations  depending  on  the  hour  of  the  day  are  scarcely  sensible  at 
the  depth  of  2  or  3  feet,  and  that  those  which  depend  on  the  time 
(^  year  decrease  gradually  as  the  depth  increases,  but  still  remain 
sensible  at  the  depth  of  25  feet,  the  range  of  temperature  during  a 
jear  at  this  depth  being  usually  about  2**  or  3°  Fahrenheit 

It  is  also  found  that,  as  we  descend  from  the  surface,  the  seasons 
lag  more  and  more  behind  those  at  the  surface,  theretardation  amount- 
ing usually  to  something  less  than  a  week  for  each  foot  of 'descent; 
i&  that,  at  the  depth  of  25  feet  in  these  latitudes,  the  lowest  tem- 
perature occurs  about  June,  and  the  highest  about  December. 

Theory  indicates  that  1  foot  of  descent  should  have  about  the  same 
efiect  on  diurnal  variations  as  V365  that  is  19  feet  on  annual  varia- 
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tions ;  understanding  by  sameiiead  of  effect  equal  absolute  amownk  of 
lagging  and  equal  ratios  of  diminution. 

As  the  annual  range  at  the  surface  in  Great  Britain  is  usually  about 
3  times  greater  than  the  diurnal  range,  it  follows  that  the  diunul 
range  at  the  depth  of  a  foot  should  be  about  one-third  of  the  annual 
range  at  the  depth  of  19  feet 

The  variations  of  temperature  at  the  surfiskce  are,  as  every  one 
knows,  of  a  very  irregular  kind ;  so  that  the  curve  of  surface  tem- 
perature for  any  particular  year  is  full  of  sinuosities  depending  on 
the  accidents  of  that  year.  The  deeper  we  go,  the  more  regular  does 
the  curve  become,  and  the  more  nearly  does  it  approach  to  the  char- 
acter of  a  simple  curve  of  sines,  whose  equation  can  be  written 

y  =  a  sin.  m. 

Neglecting  the  departures  of  the  curve  from  this  simple  character, 
theory  indicates  that,  if  the  soil  be  uniform,  and  the  surface  plane, 
the  annual  range  (which  is  equal  to  2  a)  goes  on  diminishing  in  geo- 
metrical progression  as  the  depth  increases  in  arithmetical;  and 
observation  shows  that,  if  10  feet  be  the  common  difference  of  deptb, 
the  ratio  of  decrease  for  range  is  usually  about  i  or  ^. 

To  find  a  range  of  a  tenth  of  a  degree  Fahrenheit,  we  must  go  to 
a  depth  of  from  50  to  80  feet  in  this  climate.  At  a  station  where 
the  surfjEUse  range  is  double  what  it  is  in  Great  Britain,  we  should 
find  a  range  of  about  two-tenths  of  a  degree  at  a  depth  and  in  a  soil 
which  would  here  give  one-tenth. 

These  remarks  show  that  the  phrase  "stratum  of  invariable  tem- 
perature," which  is  firequently  employed  to  denote  the  supposed  lower 
boundary  of  the  region  in  which  annual  range  is  sensible,  has  no 
precise  significance,  inasmuch  as  the  boundary  in  question  will  van- 
its  depth  according  to  the  sensitiveness  of  the  thermometer  employed 

401.  Increase  of  Temperature  Downwards. — Observations  in  all 
parts  of  the  world  show  that  the  temperature  at  considerable  depths, 
such  as  are  attained  in  mining  and  boring,  is  much  above  the  surface 
temperature.  In  sinking  a  shaft  at  Bose  Bridge  Colliery,  near 
Wigan,  which  is  the  deepest  mine  in  Great  Britain,  the  temperature 
of  the  rock  was  found  to  be  94^  F.  at  the  depth  of  2440  feet  In 
cutting  the  Mont  C^nis  tunnel,  the  temperature  of  the  deepest  part, 
with  5280  feet  of  rock  overhead,  was  found  to  be  about  85*"  F. 

The  rate  of  increase  downwards  is  by  no  means  the  same  every- 
where; but  it  is  seldom  so  rapid  as  1""  F.  in  40  feet,  or  so  slow  as  1"^  F. 
in  100  feet    The  observations  at  Bose  Bridge  show  a  mean  rate  of 
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increase  of  about  V  in  55  feet ;  and  this  is  about  the  average  of  the 
results  obtained  at  other  placea 

This  state  of  things  implies  a  continual  escape  of  heat  from  the 
interior  of  the  earth  by  conduction,  and  the  amount  of  this  loss  per 
EDDum  can  be  approximately  calculated  from  the  absolute  values  of 
conductivity  of  rock  which  we  have  given  in  Chap.  xxx. 

There  can  be  no  reasonable  doubt  that  the  decrease  of  temperature 
upwards  extends  to  the  very  surface,  when  we  confine  our  attention 
to  mean  annual  temperatures,  for  all  the  heat  that  is  conducted  up 
through  a  stratum  at  any  given  depth  must  also  traverse  all  the 
fltmta  above  it,  and  heat  can  only  be  conducted  from  a  warmer  to  a 
colder  stratum.  Professor  Forbes  found,  at  his  three  stations  near 
Edinburgh,  increases  of  l**-38,  0**-96,  and  0**i  9  F.  in  mean  temperature, 
ia  descending  through  about  22  feet,  that  is,  from  the  depth  of  3  to 
the  depth  of  24  French  feet.  The  mean  annual  temperature  of  the 
surface  of  the  ground  is  in  Oreat  Britain  a  little  superior  to  that  of 
the  air  above  it,  so  far  as  present  observations  show.  The  excess 
Appears  to  average  about  1^  F.  At  Trevandrum  in  India  the  excess 
is  in  the  same  direction,  and  amounts  to  5""  or  &"  F. 

403.  Decrease  of  Temperature  Upwards  in  the  Air. — In  comparing 
the  mean  temperatures  of  places  in  the  same  neighbourhood  at  dif- 
ferent altitudes,  it  is  found  that  temperature  diminishes  as  height 
increases,  the  rate  of  decrease  for  Great  Britain,  as  regards  mean 
annual  temperature,  being  about  1^  F.  for  every  300  feet.  A  decrease 
of  temperature  upwards  is  also  usually  experienced  in  balloon  ascents, 
and  numerous  observations  have  been  taken  for  the  purpose  of  deter- 
mining its  rate.  Mr.  Glaisher^s  observations,  wliich  are  the  most 
numerous  as  well  as  the  most  recent,  show  that,  upon  the  whole,  the 
decrease  becomes  less  rapid  as  we  ascend  higher ;  also,  that  it  is  less 
rapid  with  a  cloudy  than  with  a  clear  sky.  The  following  table 
exhibits  a  few  of  Mr.  Glaisher^s  averages: — 

DaoreaM  of  Tomperatore  UpwaicU. 

Heigbtu  With  dear  aky.  With  olondy  sky 

From  0  to  1000  feet,    .    •    .      r  F.  in  1S9  feet.  r  F.  in  222  feet 

From  0  to  10,000  ft.     .    .     .      1"  F.  in  288  feet  1**  F.  in  881  feet 

Fnm  0  to  20,000  ft.    .    .     .      r  F.  in  866  feet  r  F.  in  468  feet 

These  rates  may  be  taken  as  representing  the  general  law  of  decrease 
wfaidi  prevails  in  the  air  over  Great  Britain  in  the  daytime  during 
the  summer  half  of  the  year ;  but  the  results  obtained  on  different 
days  dififor  widely,  and  alternations  of  increase  and  decrease  are  by 
no  means  uncommon  in  passing  upwards  through  successive  strata 
of  air.     Still  more  recent  observations  by  Mr.  Glaisher,  relating 
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chiefly  to  the  first  1000  feet  of  air,  show  that  the  law  varies  with  the 
hour  of  the  day.  The  decrease  upwards  is  most  rapid  soon  after 
midday,  and  is  at  this  time,  and  during  daytime  generally,  more 
rapid  as  the  height  is  less.  About  sunset  there  is  a  uniform  decrease 
at  all  heights  if  the  sky  is  clouded,  and  a  uniform  temperature  UtiiQ 
sky  is  clear.  From  a  few  observations  which  have  been  taken  after 
sunset,  it  appears  that,  with  a  clear  sky,  there  is  an  ina^eaae  upwards 
at  night. 

That  an  extremely  low  temperature  exists  in  the  interplanetary 
spaces,  may  be  inferred  from  the  experimental  fact  recorded  by  Sir 
John  Herschel,  that  a  thermometer  with  its  bulb  in  the  focus  of  a 
reflector  of  sufficient  size  and  curvature  to  screen  it  from  lateral 
radiation,  falls  lower  when  the  axis  of  the  reflector  is  directed  upwards 
to  a  clear  sky  than  when  it  is  directed  either  to  a  cloud  or  to  the 
snow-clad  summits  of  the  Alps.  The  atmosphere  serves  as  a  protection 
against  radiation  to  these  cold  spaces,  and  it  is  not  surprising  that, 
as  we  increase  our  elevation,  and  thus  diminish  the  thickness  of  the 
coating  of  air  above  us,  the  protection  should  be  found  less  complete. 

403.  Cooling  of  an  Ascending  Column  of  Air. — Whenever  a  body 
of  air  ascends,  it  expands,  in  consequence  of  the  diminution  of  pres- 
sure ;  and  the  work  which  it  does  in  expanding  consumes  a  portion 
of  its  heat,  and  lowers  its  temperature.  In  like  manner,  when  air 
descends,  the  work  done  upon  it  in  compressing  it  raises  its  tempera- 
ture. The  amount  of  this  change  of  temperature  can  be  at  once 
inferred  from  §  347a,  by  putting  t  =  V  C,  a  =00366,  /3=41.  In 
fact,  a  compression  or  expansion  amounting  to  -00366  of  the  volume 
which  the  air  would  occupy  at  zero,  alters  its  temperature  by  0*41*  C. 
Consequently,  for  an  alteration  of  1"^  C,  we  must  have  a  change  of 
volume  amounting  to  '00893,  which,  in  conjunction  with  the  change 
of  temperature,  implies  a  change  of  pressure  amounting  to  '00893+ 

•00366= '01 26=  gQ  of  the  actual  pressure.     This  corresponds  to  an 

ascent  or  descent  through  gQ  of  the  height  of  a  homogeneous  atmo- 
sphere (§  111a),  that  is,  through  about  330  feet  For  a  change  of 
I''  F.,  the  required  height  will  be  183  feet  These  numbers  are  com- 
puted on  the  assumption  that  the  air  is  sufficiently  dry  to  behave  like 
a  permanent  gas.  If  ascending  air  contains  vapour  w^hich  is  con- 
densed by  the  loss  of  heat,  this  condensation  greatly  retards  the  cool- 
ing; and  if  descending  air  contains  mist  which  is  dissipated  by  the 
gain  of  heat,  this  dissipation  retards  the  warming. 

It  is  obvious  that  the  ascent  of  warm  air  vtrill  not  occur,  unless  the 
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acioal  decrease  of  temperature  upwards  is  more  rapid  than  the  cool- 
ing due  to  ascent;  for  air  will  not  rise  if  the  process  of  rising  would 
make  it  colder  and  heavier  than  the  air  through  which  it  would  have 
to  pass. 

404.  Causes  of  Winds. — ^The  influences  which  modify  the  dii-ection 
and  intensity  of  winds  are  so  various  and  complicated  that  anything 
like  a  complete  account  of  them  can  only  find  a  place  in  treatises 
specially  devoted  to  that  subject.  There  is,  however,  one  fundamental 
prioeiple  which  suffices  to  explain  the  origin  of  many  well-known 
winda  This  principle  is  plainly  illustrated  by  the  following  experi- 
ment^  due  to  Franklin.  A  door  between  two  rooms,  one  heated,  and 
the  other  cold  (in  winter),  is  opened,  and  two  candles  are  placed,  one 
at  the  top,  and  the  other  at  the  bottom  of  the  doorway.  It  is  found 
that  the  flame  of  the  lower  candle  is  blown  towards  the  heated  room, 
and  that  of  the  upper  candle  away  from  it 

From  this  experiment  we  can  deduce  the  following  general  prin» 
riple:— TTAcn  two  neighbouring  regions  are  at  different  tempera- 
twres,  a  curreiit  of  air  flows  frora  the  warmen^  to  the  colder  in  the 
ttppcr  sAvata  of  the  atmosphere;  and  in  the  lower  strata  a  current 
hwsfrorm,  the  colder  to  the  warmer.    We  proceed  to  apply  this  prin- 
ciple to  the  land  and  sea  breezes,  the  monsoons,  and  the  trade- winda 
405.  Land  and  Sea  Breezes. — ^At  the  sea-side  during  calm  weather 
a  wind  is  generally  observed  to  spring  up  at  about  eight  or  nine  in 
the  morning,  blowing  from  the  sea,  and  increasing  in  force  until  about 
two  or  three  in  the  afternoon.     It  then  begins  gradually  to  die  away, 
and  shortly  before  sunset  disappears  altogether.     A  few  hours  after- 
wards, a  wind  springs  up  in  the  opposite  direction,  and  lasts  till 
nearly  sanrisa     These  winds,  which  are  called  the  sea-breeze  and 
land-breeze,  are  exceedingly  regular  in  their  occurrence,  though  they 
may  sometimes  be  masked  by  other  winds  blowing  at  the  same  tima 
Their  origin  is  very  easily  explained.    During  the  day  the  land  grows 
▼armer  than  the  water;  hence  there  results  a  wind  blowing  towards 
the  wanner  region,  that  is,  towards  the  land     During  the  night  the 
land  and  sea  both  grow  colder,  but  the  former  more  rapidly  than  the 
ttter;  and,  accordingly,  the  relative  temperatures  of  the  two  elements 
bang  now  reversed,  a  breeze  blowing  from  the  land  towards  the  sea 
^  the  consequence. 

Monsoons. — The  same  cause  which,  on  a  small  scale,  produces  the 
Homal  alternation  of  land  and  sea  breezes,  produces,  on  a  larger  scale, 
'-he  annoal  alternation  of  monsoons  in  the  Indian  Ocean,  and  the 
seasonal  winds  which  prevail  in  some  other  parts  of  the  world    The 
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general  direction  of  these  winds  is  towards  continents  in  summer, 
and  away  from  them  in  winter. 

406.  Trade-winds :  General  Atmospherie  Cironlation.— The  trade- 
winds  are  winds  which  blow  constantly  from  a  north-easterly  quarter 
over  a  zone  of  the  northern  hemisphere  extending  from  a  little  north 
of  the  tropic  of  Cancer  to  within  9  or  10  degrees  of  the  equator;  and 
from  a  south-easterly  quarter  over  a  zone  of  the  southern  hemisphere 
extending  from  about  the  tropic  of  Capricorn  to  the  equator.  Their 
limits  vary  slightly  according  to  the  time  of  year,  changing  in  the 
same  direction  as  the  sun's  declination.  Between  them  is  a  zone 
some  o""  or  G''  wide,  over  which  calms  and  variable  winds  prevail 

The  cause  of  the  trade-winds  was  first  correctly  indicated  by 
Hadley.    The  greater  power  of  the  sun  over  the  equatorial  regions 
causes  a  continual  ascent  of  heated  air  from  them.     This  flows  over 
to  both  sides  in  the  upper  regions  of  the  atmosphere,  and  its  place  is 
supplied  by  colder  air  flowing  in  from  both  sides  below.    If  the 
earth  were  at  rest,  we  should  thus  have  a  north  wind  sweeping  over 
the  earth's  surface  on  the  northern  side  of  the  equatorial  regions,  and 
a  south  wind  on  the  southern  side.     But,  in  virtue  of  the  earths 
rotation,  all  points  on  the  earth's  surface  are  moving  from  west  to 
east,  with  velocities  proportional  to  their  distances  from  the  earth's 
axia    This  velocity  is  n6thing  at  the  poles,  and  increases  in  approach- 
ing the  equator.     Hence,  if  a  body  on  the  earth's  surface,  and  origi- 
nally at  rest  relatively  to  the  earth,  be  urged  by  a  force  acting  along 
a  meridian,  it  will  not  move  along  a  meridian,  but  will  outrun  the 
earth,  or  fall  behind  it,  according  as  its  original  rotational  velocity 
was  greater  or  less  than  those  of  the  places  to  which  it  cornea    That 
is  to  say,  it  will  have  a  relative  motion  from  the  west  if  it  be  approach- 
ing the  pole,  and  from  the  east  if  it  be  approaching  the  equator. 

This  would  be  true,  even  if  the  body  merely  tended  to  keep  its 
original  rotational  velocity  unchanged,  and  the  reasoning  becomes 
still  more  forcible  when  we  apply  the  principle  of  conservation  of 
angular  momentum  (§§  53  F,o),  in  virtue  of  which  the  body  tends 
to  increase^  its  absolute  rotational  velocity  in  approaching  tlie  pole, 
and  to  diminish  it  in  approaching  the  equator. 

Thus  the  currents  of  air  which  flow  in  from  both  sides  to  the 
equatorial  regions,  do  not  blow  ftx)m  due  north  and  due  south,  but 
from  north-east  and  south-east  There  can  be  little  doubt  that,  not- 
withstanding the  variable  character  of  the  winds  in  the  temperate  and 
frigid  zones,  there  is,  upon  the  whole,  a  continual  interchange  of  air 

*  The  tendency  is  for  velocity  to  vaiy  inversely  as  distaiioe  from  the  aab  of  rotatioa. 
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between  them  and  the  intertropical  regions,  brought  about  by  th 
permanent  excess  of  temperature  of  the  latter.  Such  an  interchange 
irbeQ  considered  in  conjunction  with  the  difference  in  the  rotations 
velocities  of  these  regions,  implies  tliat  the  mass  of  air  over  an  equa 
orial  zone  some  50°  or  60°  wide,  must,  upon  the  whole,  have  a  rela 
Ive  motion  from  the  east ;  and  that  the  mass  of  air  over  all  the  res 
f  the  earth  must,  upon  the  whole,  have  a  relative  motion  from  th' 
est  This  theoretical  conclusion  is  corroborated  by  the  distiibutioi 
f  barometric  pressure.  The  barometer  stands  highest  at  the  tvi 
iralleU  which,  according  to  this  theory,  form  the  boundaries  betweei 
sterly  and  westerly  winds,  while  at  the  equator  and  poles  it  stand 
V,  This  difference  may  be  accounted  for  by  the  excess  of  centri 
ral  force  possessed  by  west  winds,  and  the  defect  of  centrifugal  foro 
east  winds.  If  the  air  simply  turned  with  the  earth,  centrifuga 
ce  combined  with  gravity  would  not  tend  to  produce  accumulatioi 
air  over  any  particular  zone,  the  ellipticity  of  the  earth  being  pre 
ily  adapted  to  an  equable  distribution.  But  if  a  body  of  air  o 
er  fluid  is  moving  with  sensibly  different  rotational  velocity  fron 
earth,  the  difference  in  centrifugal  force  will  give  a  tendency  t< 
ve  towards  the  equator,  or  from  it,  according  as  the  differentia 
ion  is  from  the  west  or  from  the  east  The  easterly  winds  ove 
equatorial  zone  should  therefore  tend  to  remove  aii  from  thi 
itor  and  heap  it  up  at  the  limiting  pajalleb ;  and  the  westerly 
■Is  over  the  remainder  of  the  earth  should  tend  to  draw  air  awaj 
L  the  poles  and  heap  it  up  at  the  same  limiting  parallels.  Thi 
retical  consequence  exactly  agrees  with  the  following  table  o 
1  barometric  heights  in  different  zones  given  by  Haury:' — 

South  Latltiiile. 


)"  to  fl" 29-815 

'•'  to  10° 2B-922 

>°  to  15° 29-98* 

.°  to  20° S0018 

°  to  25* 80081 

»  to  SO* 30149 


"(O  35* 
'  to  40' 
■  to  *5° 
•  to  50° 


S0'21D 
SO-121 

80077 


to    S'    .    . 

.    .    29-940 

tolO*     .     . 

.    .    20-981 

to  16'    .     . 

.    .     80-028 

to20°     .    . 

.   .   so-oao 

W2B°     .     . 

.    .    80-102 

to  80°    .     . 

.     .     80-096 

to  36*    .     . 

.     .    80-062 

63'    .    .    . 

.    .    2S-90 

fy    .    .    . 

.    .     .    29-88 

8'     .    .    . 

.     .     29-*7 

33'    .     .    . 

.     .    29M 

28*    .    .    . 

.    .     29-35 

62-    .    .    . 

.    .    29-36 

V     .    .     . 

.    .    29-11 

V     .    .    . 

.    .     29-08 

0-     .    .     . 

.     .    2S-93 

,,/mt^M»l  Oagroflty  and  MeUonhgy  of  tlu  Sta,  p.  ISO,  ut  362,  edition  1860. 
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This  table  shows  that  the  barometric  height  falls  off  regularly  on 
both  sides  from  the  two  limiting  zones  30**  to  35**  N.  and  20°  to  25*'S., 
the  fall  continuing  towards  both  poles  as  far  as  the  observations 
extend,  and  continuing  inwards  to  a  central  minimum  between  0^ 
and  5^*  N.i 

If  the  bottom  of  a  cylindrical  vessel  of  water  be  covered  with  saw- 
dust, and  the  water  made  to  rotate  by  stirring,  the  saw-dust  will  be 
drawn  away  from  the  edges,  and  heaped  up  in  the  middle,  thus 
showing  an  indraught  of  water  along  the  bottom  towards  the  r^on 
of  low  barometer  in  the  centre.  It  is  probable  that,  from  a  similar 
cause  (a  central  depression  due  to  centrifugal  force),  there  is  an 
indraught  of  air  along  the  earth's  surface  towards  the  poles,  under- 
neath the  primary  circulation  which  our  theory  supposes ;  the  diminu- 
tion of  velocity  by  friction  against  the  earth,  rendering  the  lowest 
portion  of  the  air  obedient  to  this  indraught,  which  the  upper  strata 
are  enabled  to  resist  by  the  centrifugal  force  of  their  more  rapid 
motion.  This,  according  to  Professor  James  Thomson,*  is  the  ex- 
planation of  the  prevalence  of  south-west  winds  in  the  north  tem- 
perate zone ;  their  southerly  component  being  due  to  the  barometric 
indraught  and  their  westerly  component  to  differential  velocity  of 
rotation.  The  indraught  which  also  exists  from  the  limiting  parallels 
to  the  region  of  low  barometer  at  the  equator,  coincides  with  the 
current  due  to  difference  of  temperature ;  and  this  coincidence  may 
be  a  main  reason  of  the  constancy  of  the  trade-winds. 

406  a.  Origin  of  CycloneB. — In  the  northern  hemisphere  a  wind 
which  would  blow  towards  the  north  if  the  earth  were  at  rest,  does 
actually  blow  towards  the  north-east ;  and  a  wind  which  would  blow 
towards  the  south  blows  towards  the  south-west  In  both  cases,  the 
earth's  rotation  introduces  a  component  towards  the  right  with 
reference  to  a  person  travelling  with  the  wind.  In  the  southern 
hemisphere  it  introduces  a  component  towards  the  left. 

Again,  a  west  wind  has  an  excess  of  centrifugal  force  which  tends 
to  carry  it  towards  the  equator,  and  an  east  wind  has  a  tendency  to 
move  towards  the  pole ;  so  that  here  again,  in  the  northern  hemi- 
sphere the  deviation  is  in  both  cases  to  the  right,  and  in  the  southern 
hemisphere  to  the  left. 

^  The  explanation  here  given  of  the  aocmnulation  of  air  towards  the  limiting  paraOelB, 
as  due  to  excess  and  defect  of  centrifugal  force,  appears  to  have  been  first  published  Irf 
Mr.  W.  Ferrel,  a  gentleman  connected  with  the  American  Nautical  Almanack.  His  later 
treatise  (1860),  reprinted  from  vols.  i.  ii.  of  the  AffUhematical  Monthly,  is  the  most  cook- 
plete  exposition  we  have  seen  of  the  theory  of  general  atmospheric  circulation. 

■  Brii.  Assoc.  Report,  1867. 
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We  bave  tlius  an  explanatioi 
)rtbem  hemisphere,  if  a  sudden 
iv  large  area,  the  air  all  round 

impetus  directed  towards  this 
vauis  can  meet,  they  undergo 
tt,  instead  of  arriving  at  their 
II7  to  a  closed  curve  surround 
m  right  to  left  with  respect  t 
is  is  the  universal  direction  o'. 
lispliere;  and  the  opposite 
i   holds  for    the   southern 
lisphere.     The    former   is 
osite   to,    the    latter    the 
e  as  the  direction  of  motion 
be  hands  of  a  watch  lying 
L  its  face  up.     In  each  case 
motion  is  opposite  to  the 
rent  diurnal  motion  of  tlie 
or  the  hemisphere  in  which 
lurs. 

7,  AnemometerB. — Instru- 
i  for  measuring  either  the 
3r  the  velocity  of  the  wind 
ailed  anemometers.  Its 
is  usually  measured  by 
3  anemometer,  in  which 
ressure  of  the  wind  is 
^d  upon  a  square  plate 
?d  to  one  end  of  a  spiral 

(^with  its  axis  horizon- 
liicb  yields  more  or  less  { 
msmits  its  motion  to  a 
moved  by  clock-work.     It 
te  is  not  rigorously  propot 

square  i-eceives  rather 
ate  a  foot  square.  The  e 
ti.sfactory  results  is  that  J 
\gli,  which  is  represented 
>cifcy  of  the  wind-  It  c 
1    to  tbe  ends  of  equal  ho 
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cross,  which  turns  freely  about  a  vertical  axis.    By  means  of  an  end- 
less screw  carried  by  the  axis,  a  train  of  wheel-work  is  set  in  motion; 
and  the  indication  is  given  by  a  hand  which  moves  round  a  dial;  or, 
in  some  instruments,  by  several  hands  moving  round  different  dials 
like  those  of  a  gas-meter.     The  anemometer  can  also  be  made  to 
leave  a  continuous  record  on  paper,  for  which  purpose  various  con- 
trivances have  been  successfully  employed.     It  was  calculated  by  the 
inventor,  and  confirmed  by  his  own  experiments  both  in  air  and 
water,  as  well  as  by  experiments  conducted  by  Prof.  C.  Piazzi  Smyth 
at  Edinburgh,  and  more  recently  by  the  astronomer-royal  at  Green- 
wich, that  the  centre  of  each  cup  moves  with  a  velocity  which  is 
almost  exactly  one-third  of  that  of  the  wind.     This  is  the  only  velo- 
city-anemometer whose  indications  are  exactly  proportional  to  the 
velocity  itself.    Dr.  Whewell's  anemometer,  which  resembles  a  small 
windmill,  is  very  far  from  fulfilling  this  condition,  its  variations  of 
velocity  being  much  less  than  those  of  the  wind. 

The  direction  of  the  wind,  as  indicated  by  a  vane,  can  also  be  made 
to  leave  a  continuous  record  by  various  contrivances;  one  of  the 
most  common  being  a  pinion  carried  by  the  shaft  of  the  vane,  and 
driving  a  rack  which  carries  a  pencil     But  perhaps  the  neatest 
arrangement  for  this  purpose  is  a  large  screw  with  only  one  thread 
composed  of  a  metal  which  will  write  on  paper.     A  sheet  of  paper  is 
moved  by  clock-work  in  a  direction  perpendicular  to.the  axis  of  the 
screw,  and  is  pressed  against  the  thread,  touching  it  of  course  only 
in  one  point,  which  travels  parallel  to  the  axis  as  the  screw  turns, 
and  comes  back  to  its  original  place  after  one  revolution.     When  one 
end  ot  the  thread  leaves  tlie  paper,  the  other  end  at  the  same  instant 
comes  on.     The  screw  turns  with  the  vane,  so  that  a  complete  revo- 
lution of  the  screw  corresponds  to  a  complete  revolution  of  the  wind. 
This  is  one  of  the  many  ingenious  contrivances  devised  and  executed 
by  Mr.  Beckley,  mechanical  assistant  in  Eew  Observatory. 
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408.  Fundamental  Phenomena. — If  a  glass  tube  be  rubbed  with  a 
3ilk  handkerchief,  both  tube  and  rubber  being  very  dry,  the  tube 
viU  be  found  to  have  acquired  the  property  of  attracting  light  bodiea 
If  the  part  rubbed  be  held  near  to  small  scraps  of  paper,  pieces  of 


fljt  straw,  sawdust,  &c.,  these  objects  will  move  to  the  tube;  some- 
times they  remain  in  contact  with  it,  sometimes  they  are  alternately 
'itracted  and  repelled,  the  intensity  as  well  as  the  duration  of  these 
■fffecta  varying  according  to  the  amount  of  friction  to  which  the  tube 
tu  been  subjected. 
If  the  tube  be  brought  near  the  face,  the  result  is  a  sensation  similar 
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to  that  produced  by  the  contact  of  a  cobweb.  If  the  knuckle  be  held 
near  the  tube,  a  peculiar  crackling  noise  is  heard,  and  a  bright  apart 
passes  between  the  tube  and  knuckle.  The  tube  then  has  acquired 
peculiar  properties  by  the  application  of  friction.  It  is  said  to  be 
electrified,  and  the  name  of  electricity  is  given  to  the  agent  to  which 
the  various  phenomena  just  described  are  attributed. 

Glass  is  not  the  only  substance  which  can  be  electrified  by  friction; 
the  same  property  is  possessed  also  by  resin,  sulphur,  precious  stones, 
amber,  &xx  The  Greek  name  of  this  last  substance  (HXetcrpor)  is  the 
root  from  which  the  word  electricity  is  derived. 

•At  first  sight  it  appears  that  this  property  of  becoming  electrified 
by  friction  is  not  common  to  all  bodies ;  for  if  a  bar  of  metal  be  held 
in  the  hand  and  rubbed  with  wool,  it  does  not  acquire  the  properties 
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Fig.  SSS.— Electiilioation  of  a  Metal  by  Friction. 

of  an  electrified  body.  But  we  should  be  wrong  in  concluding  that 
metals  cannot  be  electrified  by  friction;  for  if  the  bar  be  fitted  on  to 
a  glass  rod,  and,  while  held  by  this  handle,  be  struck  with  flannel  or 
catskin,  it  may  be  very  sensibly  electrified.  There  is  therefore  no 
basis  for  the  distinction  formerly  made  between  electrics  and  non- 
electrics,  that  is,  between  substances  capable  and  incapable  of  being 
electrified  by  friction ;  for  all  bodies,  as  far  as  at  present  known,  are 
capable  of  being  thus  excited.  There  is,  however,  an  important  dif- 
ference of  another  kind  between  them,  which  was  first  pointed  out 
by  Stephen  Grey  in  1729. 

409.  Conductors  and  Non-conductors. — In  certain  bodies,  such  as 
glass  and  resin,  electricity  does  not  spread  itself  beyond  the  parts  of 
the  surface  where  it  has  been  developed ;  while  in  other  bodies,  sach 
as  metals,  the  electricity  developed  at  any  point  immediately  spreads 
itself  over  the  whole  body.  Thus,  in  the  last-mentioned  experiment, 
the  signs  of  electricity  are  immediately  manifested  at  the  end  of  the 
metal  bar  which  is  farthest  from  the  glass  rod,  if  the  end  next  the 
rod  be  submitted  to  friction.  Bodies  of  the  former  kind,  such  a^ 
glass,  resin,  &c ,  are  said  to  be  non-conductors.  Metals  are  said  tc 
be  good  conductora.  A  non-conductor  is  often  called  an  inavdator 
and  a  conductor  supported  by  a  non-conductor  is  said  to  be  in- 
aviated.  The  appropriateness  of  these  expressions  is  evident  No 
substance  is  perfectly  non-conducting,  but  the  difierence  in  conduct- 
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;  power  between  what  are  cnllad  non-conductors  and  good  con- 
iors,  h  enormous.  The  following  are  lists  of  conductors  and 
i-conductors,  arranged,  at  least  approximately,  in  order  of  their 
dading  powers.  In  the  list  of  conductors,  tlie  best  conductors 
put  first;  in  the  list  of  non-conductors,  the  worst  conductors  (or 
insulators)  are  put  first 


CoRDtlCTOBB. 

inaietob. 

MetAllia  orea. 

iVU-bumedcWcoiJ. 

AnimilSuid.. 

Flax. 

Imnt^. 

Sea  water. 

Hemp. 

Spring  wM«T. 

Xjiving  animfcla. 

ilute  ncida. 

Rain  water. 

FUme. 

illne  lolutioiU. 

Snow. 

N0H-C0HDDCT0«3, 

Moi.t  ewth  and  n< 

Celiac. 

Genu. 

Baked  wood. 

4niber. 

Ebonite. 

Poroelun. 

tesins. 

GutU-p««hl>. 

Marble. 

iulpbur. 

SUk. 

Camphor. 

WooL 

et. 

Feathen. 

Chalk. 

;ia^. 

Drypapor. 

Lime. 

OOm. 

iuDoad. 

Leather. 

MetalUc  oiidei. 

■man  body  is  a  good  conductor  of  electricity.  If  a  person 
g  on  a  stool  with  glass  legs  be  struck  witli  a  catskin,  he 
5  electrified  in  a  very  perceptible  degree,  and  sparks  may  be 
TOED  any  part  of  his  body. 

1  an  insulated  and  electrified  conductor  is  allowed  to  touch 
conductor  insulated  but  not  electrified,  it  is  observed  that, 
i  contact,  both  bodies  possess  electrical  properties,  electricity 
»een  communicated  to  the  second  body  at  the  expense  of  the 
"  the  second  body  be  much  the  larger  of  the  two,  the  electri- 
he  Srst  is  greatly  diminished,  and  may  become  quite  insen- 
'his  explains  the  disappearance  of  electricity  when  a  body  is 
innection  with  the  earth,  which,  together  with  most  of  the 
7  its  surface,  may  he  regarded  as  constituting  one  enormous 
r.  On  account  of  its  practically  inexhaustible  capacity  for 
r  or-  absorbing  electricity,  the  earth  is  often  called  the  com- 

now  be  easily  understood  why  it  is  not  possible  to  electrify 
D<i    fcyrubbing  it  while  it  is  held  in  the  hand;  since  the 


508  INTRODUCTORY  PHENOMENA. 

electricity,  as  fast  as  it  is  generated,  passes  off  through  the  body  into 
the  earth. 

Air,  when  thoroughly  dry,  is  an  excellent  insulator ;  and  electrified 
conductors  exposed  to  it,  and  otherwise  insulated,  retain  their  chai^ 
with  very  little  dimintition  for  a  considerable  time.  Dampness  in 
tlie  air  is,  however,  a  great  obstacle  to  insulation,  partly  from  the 
impaired  insulating  power  of  the  air  itself,  and  still  more  from  the 
moisture  which  condenses  on  the  insulating  supports.  Electrical 
experiments  are  accordingly  very  difficult  to  perform  in  damp  wea- 
ther. The  difficulty  is  sometimes  met  by  employing  a  stove  to  heat 
the  air  in  the  neighbourhood  of  the  supports,  and  thus  diminish  its 
relative  humidit}''.  Sir  W.  Snow  Harris  employed  heating-irons, 
which  were  heated  in  a  fire,  and  then  fixed  near  the  insulating  sup- 
ports ;  and  thus  succeeded  in  exhibiting  electrical  experiments  to  an 
audience  in  the  most  unfavourable  weather.  Sir  W.  Thomson,  by 
keeping  the  air  in  the  interior  of  his  electrometers  dry  by  means  of 
sulphuric  acid,  causes  them  to  retain  their  charge  with  only  a  small 
percentage  of  loss  in  twenty-four  houra  Dry  frosty  days  are  the  best 
for  electrical  experiments,  and  next  perhaps  to  these,  is  the  season  of 
dry  cutting  winds  in  spring. 

410.  J)uality  of  Electricity. — The  elementary  phenomena  which  we 
have  mentioned  in  the  beginning  of  this  chapter  may  be  more  accu- 
rately studied  by  mean^  of  the  electric  pendulum,  which  consists  of  a 
pith-ball  suspended  by  a  silk  fibre  from  an  insulated  support  When 
an  electrified  glass  rod  is  brought  near  the  insulated  ball,  the  latter 
is  attracted  ;  but  as  soon  as  it  touches  the  glass  tube,  the  attraction 
is  changed  to  repulsion,  which  lasts  as  long  as  the  ball  retains  the 
electricity  which  it  has  acquired  by  the  contact  A  similar  experi- 
ment can  be  shown  by  employing,  instead  of  the  glass  tube,  any 
other  body  wliich  has  been  electrified  by  friction,  for  example,  a 
piece  of  resin  which  has  been  rubbed  with  flannel. 

If,  while  the  pendulum  exhibits  repulsion  for  the  glass,  the  electri- 
fied resin  is  brought  near,  it  is  attracted  by  the  latter ;  and  conversely, 
when  it  is  repelled  by  the  resin,  it  is  attracted  by  the  glass.  These 
phenomena  clearly  show  that  the  electricity  developed  on  the  resin 
is  not  of  the  same  kind  as  that  developed  on  the  glass.  They  exhibit 
opposite  forces  towards  any  third  electrified  body,  each  attracting  what 
tlie  other  repels.  They  have  accordingly  received  names  which  indi- 
cate opposition.  The  electricity  which  glass  acquires  when  rubbed 
with  silk,  is  called  positive;  and  that  wh}ch  resin  acquires  by  friction 
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Kith  flannel,  negative.     The  former  is  also  called  vitreous,  and  the 
latter  nsinous.    On  repeating  the  experiment  with  other  substances. 


it  is  found  that  all  electrified  bodies  behave  either  like  the  glass  or 
like  the  resin. 

ilOA. — Without;  making  any  assumption  as  to  what  electricity  is, 
we  may  speak  of  an  electriBed  body  as  being  charged  with  electricity, 
»nd  we  may  compare  quantities  of  electricity  by  means  of  the  atti-ac- 
tions  and  repulsions  exerted.  Bodies  oppositely  electrified  must  then 
ft  spoken  of  as  charged  with  elect/ncitiee  of  opposite  land,  or  of 
'jpposite  sign;  and  experiment  shows  that,  whenever  electricity  of 
the  one  kind  is  developed,  whether  by  friction  or  by  any  other  means, 
electricity  of  the  opposite  sign  is  always  developed  in  exactly  equal 
'jMntity.  If  a  conductor  receives  two  charges  of  electiicity  of  equal 
quantity  but  opposite  sign,  it  is  found  to  exhibit  no  traces  of  electri- 
city whatever. 

Electricitiee  of  like  sign  repel  one  another  and  those  of  unlike 
"3n  attract  one  another. — The  magnitude  of  the  force  exerted  upon 
tach  other  by  two  electrified  bodies,  is  not  altered  in  amount  by 
fevetsing  the  sign  of  the  electricity  of  one  or  both  of  them,  provided 
'i>At  the  quantities  of  electricity,  and  their  distribution  over  the  two 
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bodies,  remain  unchanged.  If  the  sign  of  one  only  be  changed,  the 
mutual  force  is  simply  reversed,  and  if  the  signs  of  both  be  changed, 
the  force  is  not  changed  at  all. 

411. — The  simultaneous  development  of  both  kinds  of  electricity 
is  illustrated  by  the  following  experiment: — Two  persons  stand  on 
stools  with  glass  legs,  and  one  of  them  strikes  the  other  with  a  cat- 
skin.  Both  of  them  are  now  found  to  be  electrified,  the  striker  posi- 
tively, and  the  person  struck  negatively,  and  from  both  of  them 
sparks  may  be  drawn  by  presenting  the  knuckle. 

The  kind  of  electricity  which  a  body  obtains  by  friction  with 
another  body,  evidently  depends  on  the  nature  of  their  surfaces.  If, 
for  example,  we  take  two  discs,  one  of  glass,  and  the  other  of  metal, 
and,  holding  them  by  insulating  handles,  rub  them  briskly  together, 
we  shall  find  that  the  metal  becomes  negatively,  and  the  glass  posi- 
tively electrified ;  but  if  the  metal  be  covered  with  a  catskin,  and  the 
experiment  repeated,  it  will  be  the  glass  which  will  this  time  be 
negatively  electrified.  In  the  subjoined  list,  the  substances  are 
arranged  in  such  order  that,  generally  speaking,  each  of  them  be- 
comes positively  electrified  by  friction  with  those  which  follow  it 
and  negatively  with  those  which  precede  it. 

Fur  of  cat.  Feathere.  ,  Silk. 

Polished  glass.  Wood.  SheUac. 

Woollen  stuffs.  Paper.  Bough  glass. 

411a.  Hypotheses  regarding  the  Nature  of  Electricity. — Two  theories 
regarding  the  nature  of  electricity  must  be  described  on  account  of 
the  historical  interest  attaching  to  them. 

Tlie  two-fluid  theory,  originally  propounded  by  Dufaye,  reduced 
to  a  more  exact  form  by  Symmer,  and  still  very  extensively  adopted, 
maintains  that  the  opposite  kinds  of  electricity  are  two  fluida  Posi- 
tive electricity  is  called  the  vitreous  fluids  and  negative  electricity 
the  resinous  fluid.  Fluids  of  like  name  repel,  and  those  of  unlike 
name  attract  each  other.  The  union  of  equal  quantities  of  the  two 
fluids  constitutes  the  neutral  fluid  which  is  supposed  to  exist  in  ven* 
large  quantity  in  all  unelectrified  bodies.  When  a  body  is  electri- 
fied, it  gains  an  additional  quantity  of  the  one  fluid,  and  loses  an 
equal  quantity  of  the  other,  so  that  the  total  amount  of  electric  fluid 
in  a  body  is  never  changed ;  and  (as  a  consequence  of  this  last  con- 
dition) when  a  current  of  either  fluid  traverses  a  body  in  any  direc- 
tion, an  equal  current  of  the  other  fluid  traverses  it  in  the  opposite 
direction. 
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This  theory  is  in  complete  agreement  with  all  electrical  phflnomena 
y  as  at  present  known ;  but  as  it  is  conceivable  that  the  two 
;tricities,  itiatead  of  being  two  kinds  of  matter,  may  be  two  kinds 
notion,  or,  in  some  other  way,  may  be  opposite  states  of  one  and 
same  substance,  it  is  more  philosophical  to  avoid  the  as.'^umption 
lived  in  speaking  of  two  electric  fiuids,  and  to  speak  rather  of 
opposite  electricities.  They  may  be  distinguished  indifferently 
be  names  vitreous  and  realnoits,  or  positive  and  negative, 
he  one-fiuid  theory,  as  originally  propounded  by  Franklin,  main- 
id  the  existence  of  only  one  electric  fluid,  which  unelectrified 
?3  possess  in  a  certain  normal  amount.  A  positively  electrified 
has  more,  and  a  negatively  electrified  body  less  than  its  normal 
[flt  The  particles  of  this  fluid  repel  one  another,  and  attract 
articles  of  other  kinds  of  matter,  at  all  distances,  .^pinus,  in 
aping  this  theory  more  accurately,  found  it  necessary  to  intro- 
the  additional  hypothesis  that  the  particles  of  matter  repel  one 
er.  Thus,  according  to  i£pinus,  the  absence  of  sensible  force 
en  two  bodies  in  the  neutral  condition,  is  due  to  the  equilibrium 
r  forces,  two  of  which  are  attractive,  and  the  other  two  repul- 
Calling  the  two  bodies  A  and  B,  the  electricity  which  A  pos- 
in  nonnal  amount,  is  repelled  by  the  electricity  of  B,  and 
ed  by  the  matter  of  R  The  matter  of  A  is  attracted  by  the 
;ity  of  B,  and  repelled  by  the  matter  of  B.  These  four  forces 
eqanX,  and  destroy  one  another;  but,  without  the  aupplemen- 
-pothesis  of  jEpinus,  one  of  the  four  forces  is  wanting,  and  the 
"itim  is  not  easily  explained.  To  reconcile  jEpinus's  addition 
e  Newtonian  theory  of  gravitation,  it  is  necessary  to  suppose 
3  equality  between  the  four  forces  is  not  exact,  tlie  attractions 
reater  by  an  infinitesimal  amount  than  the  repulsions, 
me-fluid  theory  in  this  form  is,  like  the  two-fluid  theory,  con- 
ivith  the  explanation  of  all  known  phenomena.  But  it  is  t<) 
.rked  that  there  is  no  sufficient  reason,  except  established 
)r  deciding  which  of  the  two  opposite  electricities  should  be 
I  as  corresponding  to  an  excess  of  the  electric  fluid. 
Jin  waa  the  author  of  the  terms  positive  and  negative  to 
tie  two  opposite  kinds  of  electrification;  but  the  names  can 
ely  be  retained  without  accepting  the  one-fluid  theory, 
tiding  that  opposite  signs  imply  forces  in  opposite  directions, 
the  connection  between  the  ■positive  sign  and  the  forces 
.  by  i/iireoite  electricity  is  merely  conventional 
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411b. — In  speaking  of  electric  currents,  the  language  of  the  one- 
•  fluid  theory  is  almost  invariably  employed  Thus,  if  A  is  a  con- 
ductor charged  positively,  and  B  a  conductor  charged  n^atively; 
when  the  two  are  put  in  connection  by  a  wire,  we  say  that  the 
direction  of  the  current  is  from  A  to  B;  whereas  the  language  of  the 
two-fluid  theory  would  be,  that  a  current  of  vitreous  or  positive 
electricity  travels  from  A  to  B,  and  a  current  of  resinous  or  n^ative 
from  B  to  A 


CHAPTER   XXXVI. 
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12.  Indaotion. — In  the  preceding  chapter  we  have  spoken  of  move- 
t3  of  material  bodies  caused  by  electrical  attractioos  and  repul- 
3.  We  have  now  to  treat  of  the  movement  of  electricity  itself 
jedience  to  the  attractions  or  repulsions  exerted  upon  it  by  other 
ricity.  This  kind  of  action  is  called  inductitm. 
may  be  illustrated  by  means  of  the  arrangement  shown  in  Fig. 
The  apparatus  consists  of  a  sphere  C  which  is  electrified  poai- 
y,  suppose,  and  of 


I  decreasing  from  the  pair  nearest  the  cylinder 
point  M  is  reached,  where  there  is  no  divergence.  Beyond 
i  divergence  goes  on  increasing.  The  neutral  point  M  does 
ctly  bisect  the  length  of  the  cylinder,  but  is  nearer  the  end 
the  end  B,  and  the  former  end  is  found  to  be  more  strongly 
;<1  than  the  latter. 

easy  to  show  that  the  two  ends  of  the  cylinder  are  charged 
>osite  kinds  of  electricity;  the  end  A  being  negatively,  and 
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the  end  B  positively  electrified.  We  have  only  to  bring  an  electrified 
stick  of  resin  near  the  pith-balls  at  A,  when  these  will  be  found  to 
be  repelled ;  if,  on  the  contrary,  it  be  held  near  those  at  B,  tbey  will 
be  attracted. 

The  explanation  is,  that  the  positive  electricity  with  which  C  is 
charged  attracts  the  negative  electricity  of  AB  to  the  end  A,  and 
repels  the  positive  to  the  end  B.  This  action  is  more  powerful  at  A 
than  at  B,  on  account  of  the  greater  proximity  of  the  influencing 
body,  and  for  the  same  reason  the  efiect  falls  off  more  rapidly  in  the 
portion  AM  than  in  MB. 

If  the  cylinder  be  brought  closer  to  the  sphere,  the  divergence  of 
the  balls  increases ;  if  it  be  removed  farther  from  it,  the  divergence 
diminishes.  Finally,  all  signs  of  electricity  disappear  if  the  sphere 
be  taken  away,  or  connected  with  the  earth. 

If,  while  the  cylinder  is  under  the  influence  of  the  electricity  of  C, 
the  end  B  is  connected  with  the  earth,  the  pith-balls  at  this  end 


•^MlAk.'Ul 
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immediately  collapse,  while  the  divergence  of  those  at  A  increases 
The  explanation  is  that  the  electricity  which  was  repelled  to  the  end 
B  escapes  to  the  earth,  and  thus  afflords  an  opportunity  for  a  fre>li 
exercise  of  induction  on  the  part  of  the  sphere,  which  increa.ses  the 
accumulation  of  negative  electricity  at  A.  We  may  also  reknark  that 
the  whole  of  the  cylinder  is  now  negatively  electrified,  the  neutral 
line  being  pushed  back  to  the  earth.  If  the  earth-connection  ^e 
now  broken,  and  the  sphere  C  be  then  removed,  the  cylinder  will 
remain  negatively  electrified,  and  will  be  in  the  same  condition  as  if 
it  had  been  touched  by  a  negatively-electrified  body.     Tliis  mode 
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r  giving  a  charge  to  a  cooductor  is  called  charging  by  iiiditcticni, 
ud  tlie  charge  thus  given  is  always  opposite  to  that  of  the  inducing 

If  a  series  of  such  condnctora  as  AB  be  placed  in  lioe.  -without 
>nt^b,  and  the  positively-electrified  body  0  be  placed  opposite  to 
re  end  of  the  series,  all  the  conductors  will  be  affected  in  the  same 
inner  as  the  single  conductor  in  the  last  experiment.  They  will 
he  charged  with  negative  electricity  at  the  end  next  C,  and  with 
iliive  electricity  at  the  remote  end,  the  effect,  howevev,  becoming 
Mer  as  we  advance  in  the  series.  In  this  experiment  each  of  the 
iductors  acts  inductively  upon  those  next  it;  for  example,  if  there 
two  conductors  AB,  A'B',  as  in  Fig.  337,  the  development  of 
iricitv  at  A'  and  B'  is  mainly  due  to  the  action  of  the  positive 
tricity  in  MR  If  the  conductor  AB  be  removed,  the  pith-balls 
L'  and  B'  will  diminish  their  divergence; 

he  molecules  of  a  body  may  be  regarded  as  such  a  series  of  Con- 
ors, or  rather  as  a  number  of  such  series.     When  an  electrified 
r  is  brought  near  it,  each  molecule  may  thus  become  positive  on 
side  and  negative  on  the  other.     In  the  case  of  good  conductors, 
polarization  is  only  instantaneous,  being  destroyed  by  the  dis- 
^e  of  electricity  from  particle  to  particle.     Good  insulators  are 
ances  which  are  able  to  resist  this  tendency  to  discharge,  and 
iiDtain  a  high  degree  of  polarization  for  a  great  length  of  time 
is  Faraday's  theory  of  "  induction  by  contiguous  particles." 
I.  Electrical  Attraction  and  Bepolsion. — The  attraction  which  is 
^ed  when  an  electrified  is  brought  near  to  an  unelectiified  body, 
>endent  upon  induction.      Suppose,  for 
oe,   that  a  body  C,  which  is  positively     \ 
fied.  is  brought  near  to  an  insulated  and      \ 

rged   pith-balL     Negative  electricity  is         >™>         f 

d  on  the  near  side  of  the  pith-ball,  and      't*     ^  &^         ''. 

laJ  quantity  of  positive  on  the  further 

L'he  former,  being  nearer  to  the  body  C,  fs^.  aas.— Ei«tric«i  Atiraciion. 

s   strongly  attracted  than  the  other  is 

1.       The  ball  is  therefore  upon  the  whole  attracted. 

e  pith-ball,  instead  of  being  insulated,  is  suspended  by  a  cnn- 

■    tliread  from  a  support  connected  with  the  earth,  it  will  be 

.rongly  attracted  than  before,  as  it  is  now  entirely  charged 

g-ative  electricity. 

s   case  of  any  insulated  conductor,  the  algebraic  sum  of  tlie 
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electricities  induced  upon  it  by  the  presence  of  a  neighbouring  elec- 
trified body  must  be  zero.  If  the  pith-ball  be  insulated,  and  have 
an  independent  charge  of  either  kind  of  electricity,  the  total  force 
exerted  on  the  pith-ball  is  the  algebraic  sum^  of  the  two  following 
quantities : — 

(1)  The  force  which  the  ball  would  experience,  if  it  had  no 
independent  charge.  This  force,  as  we  have  just  seen,  is  always 
attractive. 

(2)  The  force  due  to  the  independent  charge  when  distributed  over 
the  ball  as  it  would  be  if  C  were  removed.  This  second  force  i? 
attractive  or  repulsive,  according  as  the  independent  charge  is  ol 
unlike  or  like  sign  to  that  of  C.  In  the  latter  case,  repulsion  will 
generally  be  observed  at  distances  exceeding  a  certain  limit  and 
attraction  at  nearer  distances,  the  reason  being  that  the  force  (1)  due 
to  the  induced  distribution  increases  more  rapidly  than  the  other  as 
the  distance  is  diminished. 

It  is  important  to  remember  this  in  testing,  by  the  electric  pen- 
dulum, or  by  any  other  electroscope,  the  kind  of  electricity  with 
which  a  body  is  charged.  In  bringing  the  body  towards  the  elec- 
troscope, the  first  movement  produced  is  that  which  is  to  be  observed, 
and  repulsion  is  in  general  a  more  reliable  test  of  kind  of  electricity 
than  attraction. 

416.  Electroscopes. — An  electroscope  is  an  apparatus  for  detecting 
the  presence  of  electricity,  and  determining  its  sign.     The  insulated 
electric  pendulum  is  an  electroscope.     If  the  pith-ball,  when  itself 
uncharged,  is  attracted  by  a  body  brought  near  it,  we  know  that  the 
body  is  electrified.     To  determine  the  kind  of  electricity,  the  body 
is  allowed  to  touch  the  pith-ball,  which  is  then  repelled.     At  this 
moment  an  excited  glass  tube  is  brought  near.     If  it  repels  the  ball, 
this  latter,  as  well  as  the  body  which  touched  it,  must  be  electrified 
positively.     If  the  glass  tube  attracts  it,  or,  still  more  decisively,  if 
excited  resin  or  sealing-wax  repels  it,  the  ball  and  the  body  which 
touched  it  are  electrified  negatively.    The  loss  of  electricity  from  the 
pith-ball  is  often  so  rapid  as  to  render  this  test  of  sign  somewhat 
uncertain. 

The  gold-leaf  electroscope  (Fig.  339)  is  constructed  as  follows: — 

^  We  here  Buppose  C  to  be  a  non-conductor,  no  that  the  distribution  of  its  dectiidty  » 
not  afTected  by  the  presence  of  the  pith-ball.  If  G  be  a  conductor,  the  effect  of  induction 
upon  it  will  be  to  favour  attraction,  so  that  an  attractive  force  must  be  added  to  the  two 
forces  specified  in  the  text. 


ELBCTROSCOPKS.  51 ; 

'wo  small  gold-leaves  are  attached  to  the  lower  end  of  a  metalUi 

■>d,  vhich  passes  through  an  opening  in  the  top  of  a  bell-glass,  ant 

fminates  ia  a  balL     The  metallic  rod  is  sometimes,  for  the  sake  o 

iltee  insulation,  inclosed  in  a  glass  tube  secured  by  sealing-wax  o 

>me  other   nou-conducting  cement, 

1(1,  for  the  same  purpose,  the  upper 

.rt  of  the  bell-glass  is  often  varnished 

!t[i  shellac,  which   is  less  apt  than 

iss  to  acquire  a  deposit  of  moisture 

m  the  air.  The  bell-glass  is  attached 

low  to  a  metallic  base,  which  ex- 

des  the  external  air.    For  the  gold- 

vea  are  sometimes  substituted  two 

iws,  or  two  pith-balls  suspended 

linen  threads;  we  have  thus  the 

iw-electro8COj>e  and   the  pitk-ball 

iroscope. 

'o  test  whether  a  body  is  electri- 

it  is  brought  near  the  ball  at 
top  of  the  electroscope.     The  like      fic  3s«.-<>oid  i«r  Einuwnpg. 
iricity  is  repelled  into  the  leaves, 

makes  them  diverge,  while  the  unlike  b  attracted  into  thi 
The  sign  of  the  body's  charge  may  be  determined  in  thi 
wing  manner: — While  the  leaves  are  divergent  under  the  in 
ce  of  the  body,  the  operator  touches  the  ball  with  his  finger 
causes  the  leaves  to  collapse,  and  gives  to  the  insulated  con 
>r  composed  of  leaves,  rod,  and  ball,  a  charge  opposite  to  tha 
e  influencing  body.  The  finger  must  be  removed  while  tin 
ncing  body  remains  in  position,  as  the  amount  of  the  induce( 
e  depends  upon  tite  position  of  the  influencing  body  at  th< 
it  of  breaking  connection.  On  now  withdrawing  the  influencing 
the  charge  of  unlike_ electricity  is  no  longer  attracted  to  thi 
»ut    spreads,  over  the  whole  of  the  conductor,  and  causes  thi 

to    diverge.     If,  while  this  divergence  continues,  an  excitet 

■ube,  when  gradually  brought  towards  the  ball,  diminishes  thi 

ence,  we  know  that  the  body  in  question  was  electrified  posi 

Xf  it  increases  the  divergence,  the  body  was  electrified  nega 


t  c£Lution  must  be  used  in  bringing  electrified  bodies  near  tht 
if   electroscope,  as  the  leaves  are  very  apt  to  be  ruptured  bj 
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quick  movements.  If  they  diverge  so  widely  as  to  touch  the  sides 
of  the  bell-glass,  it  is  often  difficult  to  detach  them  from  the  glass 
without  tearing.  To  prevent  this  contact^  two  metallic  columns  are 
interposed,  communicating  with  the  ground.  If  the  leaves  diverge 
too  widely,  they  touch  these  columns  and  lose  their  electricity. 


CHAPTEE    XXXVIL 


UEASUBEHENT  OF   ELECTRICAL  FOBCE& 


16.  Coalamb's  Toraion-balance. — Coulomb,  who  was  the  first  U 
;e  electricity  an  accurate  science,  employed  in  liis  researches  ar 
rument  wliich  is  often  called  after  his  name,  and  which  is  stU 
^nsiveiy  employed.  It  depends  on  the  principle  that  the  torsior 
wire  is  simply  proportional  to  the  twisting  couple.  We  shal 
(iescribe  it,  and  then  point  out  some  of  its  applications. 
consists  of  a  cylindrical  glass 
A  A  (Fig.  SiO),  from  the  upper 
B  of  which  rises  another  glass 
ider  I>D  of  much  smaller  dia* 
r.  This  small  cylinder  is  fitted 
e  top  with  a  brass  cap  a,  carry- 
in  index  C.  Outside  of  this, 
apable  of  turning  round  it,  is 
er  cap  b,  the  top  of  wliich  is 
!ti  into  SCO  equal  parts.  In 
ntre  of  the  cap  b  is  an  opening 
;;li  ^vliich  passes  a  small  metal 
er  cl,  capable  of  turning  in 
-letiing  with  moderate  fric- 
,n<l  liaving  at  its  lower  end 
li    or  slit     When  the  cap  b 

ed,  tiie  cylinder  d  turns  with  p;,  34o._couiMiib't Toniou  mjhicii. 

fc      the    latter   can    also    be 

separately,  so  as  not  lo  change  the  reading.  These  parts  com 
e  torsion-Jiead.  A  very  fine  metallic  wire  is  held  by  the  notch 
T  porta  a  small  piece  of  metal,  through  whicli  jiasses  a  lighi 
>f  shellac/  carrying  at  one  end  asmall  gilt  ball  g.    Acirculai 
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scale  runs  round  the  outside  of  the  large  cylinder  in  the  plane  of  the 
needle.  Finally,  opposite  the  zero  of  this  scale,  there  is  a  fixed  ball  q 
of  some  conducting  material,  supported  by  a  rod  f  of  shelimv  which 
passes  through  a  hole  in  the  cover  of  the  cylindrical  casa 

417.  Laws  of  Electric  Repulsion. — ^To  illustrate  the  mode  of  em- 
ploying this  apparatus  for  electrical  measurements,  we  shall  explain 
the  course  followed  by  Coulomb  in  investigating  the  law  according 
to  which  electrical  repulsions  and  attractions  vary  with  the  distance. 
The  index  is  set  to  the  zero  of  the  scala     The  inner  cylinder  d  is 
then  turned,  until  the  movable  ball  just  touches  the  fixed  ball  without 
any  torsion  of  the  wire.     The  fixed  ball  is  then  taken  out,  placed 
in  communication  with  an  electrified  body,  and  replaced  in  the 
apparatus.      The  electricity  with  which  it  is  charged  is  commu- 
nicated to  the  movable  ball,  and  causes  the  repulsion  of  this  latter 
through  a  number  of  degrees  indicated  by  the  scale  which  surrounds 
the  case.     In  this  position  the  force  of  repulsion  is  in  equilibrium 
with  the  force  of  torsion  tending  to  bring  back  the  ball  to  its  original 
position.     The  graduated  cap  h  is  then  turned  so  a-s  to  oppose  the 
repulsion.     The  movable  ball  is  thus  brought  nearer  to  the  fixed 
ball,  and  at  the  same  time  the  amount  of  torsion  in  the  wire  l*^ 
increased.     By  repeating  this  process,  we  obtain  a  number  of  dif- 
ferent positions  in  which  repulsion  is  balanced  by  torsion.     But 
we  know,  from  the  laws  of  elasticity,  that  the  force  (strictly  the 
couple^)  of  torsion  is  proportional  to  the  angle  of  torsion.     Hence  we 
have  only  to  compare  the  total  amounts  of  torsion  with  the  distances 
of  the  two  balls.     By  such  comparisons  Coulomb  found  that  the  force 
of  electrical  repulsion  varies  inversely  as  the  square  of  the  distance. 

The  following  are  the  actual  numbers  obtained  in  one  of  the 
experiments.  The  original  deviation  of  the  movable  ball  being  3(i'. 
it  was  found  that,  in  order  to  reduce  this  distance  to  18°,  it  was 
necessary  to  turn  the  head  through  1 26°,  and,  for  a  farther  reduction 
of  the  deviation  to  8°"5,  an  additional  rotation  through  441°  was 
required.  It  will  thus  be  perceived  that  at  the  distances  of  36**,  18', 
and  8°'5,  which  may  be  practically  considered  as  in  the  ratio  of  1,  \. 
and  \y  the  forces  of  repulsion  were  equilibrated  by  torsions  of  StT, 


^  The  repulsive  force  on  the  movable  ball  is  equivalent  to  an  equal  and  p>fc*^fc^lM  force 
acting  at  the  centre  of  the  needle  (the  point  of  attachment  of  the  wire),  and  a  couple  wbow 
arm  is  the  perpendicular  from  this  centre  on  the  line  joining  the  balls.  This  ooople  mnst 
be  equal  to  the  couple  of  torsion.  The  other  component  produces  a  small  deviatum  of  the 
suspending  wire  ftom  the  vertical. 


KjnATION   OF  EQUIUBBIDM.  5 

6°+ 18"=  144°,  and  441  +126+8  5  =  575°-5  respectively.  Now  1 
3l)X4,  and  575-5  may  be  considered  aa  676,  or  36x  16.     Hen 

perceive  that,  as  the  dbtance  is  divided  by  2,  or  by  4,  the  for 
-^pulsion  is  multiplied  by  4  or  by  16,  which  precisely  agrees  wi 

law  enunciated  above. 

16.  Eqnation  of  Equiltbriam. — We  must,  however,  observe  th 
his  mode  of  reducing  the  obser-  „ 

ons  two  inaccurate  assumptions 
made.  First,  the  distance  be- 
;n  the  balls  is  regarded  as  being 
,1  to  the  arc  which  lies  between 
»,  whereas  it  is  really  the  chord 
int  arc.     Secondly,  the  force 

pulsion  is  regarded  as  acting 

ys  at  the  same  arm,  wliereas 

i-ni,  being  the  perpendicular  pit.Mi. 

tlie  centre  on  the  chord,  dimi- 

9  as  the  distance  increases.    The  following  investigation  is  mo 

HIS. 

^VOB  (Fig.  341),  the  angular  distance  of  the  balls,  be  denob 
:113d  let  I  be  the  length  of  the  radius  OA.  Then  the  choi 
1  21  sin  ^  a,  and  the  arm  OK  is  Z  cos  J  a.  Let  /  denote  tl 
f  repulsion  at  unit  distance,  and  n  the  couple  of  torsion  for  ] 
.lie  force  of  repulsion  in  the  given  position  is  -<,i--  .1—  if  tl 

inverse  squares  be  true,  and  the  moment  of  this  about  tl 
is  47^5  r^i  ■w'l'ch  must  be  equal  to  nA,  if  A  be  the  numb 
oes  of  torsion.     Hence  we  have 

i,?*^  first  member  of  this  equation  is  constant,  the  second  mer 
t  t>e  constant  also  for  different  values  of  A  and  a,  if  the  la 
?5^  squares  be  true.  The  degree  of  constancy  is  shown  by  tl 
<rr    "table; — 

B  A     Aunjatauiia 

,t;   experiment, S6  36  3-614 

I    escperiment,       18  144  3-568 

8-5  675-6  3-169 

»  576  B-657 


{^f6Tence  between  the  first  and  second  numbers  of  the  la 
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column  is  insignificant.  That  between  the  second  and  third  is  more 
considerable,^  but  in  reality  only  corresponds  to  an  error  of  half  a 
degree  in  the  measurement  of  the  arc. 

419.  Case  of  Attraction. — The  law  of  attractions  may  be  investigated 
by  a  similar  method.  The  index  is  set  to  zero,  and  the  central  piece 
is  turned  so  as  to  place  the  movable  ball  af  a  known  distance  from 
the  fixed  ball.  The  two  balls  are  then  charged  with  electricity  of 
different  kinds.  The  movable  ball  is  accordingly  attracted  towards 
the  other,  and  settles  in  a  position  in  which  attraction  is  balanced  by 
torsion.  By  altering  the  amount  of  toraion,  different  positions  of  the 
ball  can  be  obtained.  On  comparing  the  distances  with  the  corre- 
sponding torsions,  it  is  found  that  the  same  law  holds  as  in  the  case 
of  repulsion.  The  experiment,  however,  is  difficult,  and  is  only  pos- 
sible when  the  balls  are  very  feebly  electrified.  To  prevent  the 
contact  of  the  two  balls,  Coulomb  fixed  a  silk  thread  in  the  instru- 
ment, so  as  to  stop  the  course  of  the  movable  ball. 

420.  Law  of  Attraction  and  Bepolsion  as  depending  on  Amonnt  of 
Charge. — ^We  may  assume  as  evident,  that  when  an  electrified  ball 
is  placed  in  contact  with  a  precisely  equal  and  similar  ball,  the  charge 
will  be  divided  equally  between  them,  so  that  the  first  will  retain 
only  half  the  charge  which  it  had  before  contact 

Suppose  that  an  observation  on  repulsion  has  just  been  made  with 
the  torsion-balance,  and  that  we  touch  the  fixed  ball  with  another 
exactly  equal  insulated  ball,  which  we  then  remova  It  will  be 
found  that  the  amount  of  torsion  requisite  for  keeping  the  movable 
ball  in  its  observed  position  is  just  half  what  it  was  before.    Tbe 


^  We  have  already  seen  that  the  matual  induction  of  two  conductors  tends  to  diminish 
their  mutual  repulsion,  and  that  this  inductive  action  becomes  more  important  as  the  distaiice 
is  diminished.  Hence  the  repulsion  at  distance  9  should  be  less  than  a  quarter  of  that  ac 
distance  18.     The  apparent  error  thus  confirms  the  law. 

Many  persons  have  adduced,  as  tending  to  overthrow  Coulomb's  law  of  inverse  Bqnares. 
experimental  results  which  really  confirm  it.  Except  when  the  dimensions  of  the  diarj^ed 
bodies  are  very  small  in  comparison  with  the  distance,  the  observed  attraction  or  repulsion 
is  the  resultant  of  an  infinite  number  of  forces  acting  along  lines  drawn  from  the  difierent 
points  of  the  one  body  to  the  different  points  of  the  other.  The  law  of  inverse  squaivs 
applies  directly  to  these  several  components,  and  not  to  the  resultant  which  they  yieUL  The 
latter  can  only  be  computed  by  elaborate  mathematical  processes. 

It  is  incorrectly  assumed  in  the  text  that  the  law  ought  to  apply  directly  to  two  sfdieres, 
when  by  their  distance  we  understand  the  distance  between  their  nearest  points.  It  is  i>ft 
obvious  that  the  distance  of  the  nearest  points  should  give  a  better  result  tfaiui  the  distance 
between  the  centres. 

The  strongest  evidence  for  the  rigorous  exactness  of  the  Uw  of  inverse  sqaarea  is  indiieci; 
see  §  421c. 


LA.W  OF  ATTRACTION   AMD  KEPUUION. 
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e  result  will  be  ol)t&iiie(i  by  touching  tbe  movable  ball  with  a 
of  lis  own  size.  We  conclude  that,  if  the  charge  of  either  body 
llered,  the  attractive  or  repulsive  force  between  the  bodies  at 
I?  distance  will  be  altered  in  the  same  ratia  Tlie  law  is  not 
Dusly  true  for  bodies  of  finite  size,  unless  the  distribution  of  tlie 
rieity  on  the  two  bodies  remains  unchanged.  When  the  two 
18  are  very  small  in  all  their  dimensions  in  compai-ison  witii 
istance  between  them,  their  mutual  force  ia  represented  by  tbe 


?.t 


1  q'  denoting  their  charges,   and   D   the   distance.     If  this 
mon  has  the  positive  sign,  the  force  is  repulsive,  if  negative, 

.  Electricity  resides  on  the  Sorfluw. — Electricity  (subject  to  the 


Ki£.  M^— Biot't  Eiperinmt. 

IS  mentioned  below)  resides  exclusively  on  the  external 
F  a  conductor.  This  is  perhaps  implied  in  the  experimental 
ently  observed  by  Coulomb,  that  when  a  solid  and  a  hollow 
equal  external  diameter  are  allowed  to  touch  each  other, 
;e  possessed  by  either  ia  divided  equally  between  them.     A 
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direct  demonstration  is  afforded  by  the  following  experimeDt  of 
Biot:— 

We  take  an  insulated  sphere  of  metal,  charge  it  with  electridty, 
and  cover  it  with  two  hembpheres  furnished  with  insulating  bandies, 
which  fit  the  sphere  exactly  (Fig.  3i2).  If  the  two  hemisplieres  be 
quickly  removed,  and  presented  to  an  electric  pendulum,  they  vlW 
be  found  to  be  electrified,  while  the  sphere  itself  will  show  barfly 
any  traces  of  electricity.  We  must,  however,  remark  that  this 
experiment  is  rarely  successful,  and  that  generally  the  sphere  remains 
very  sensibly  electrified.  The  reason  of  this  is,  that  it  is  veiy  difficult 
to  remove  the  hemispheres  so  steadily,  as  not  to  permit  their  edg«s 
to  touch  the  sphere  after  the  first  separation. 

The  following  is  a  much  surer  form  of  the  experiment: — 
A  hollow  insulated  sphere,  with  an  orifice  in  the  top,  is  charged 
with  electricity  (Fig. 
343).  A  ■proof-jAaai. 
consisting  of  a  small 
disc  of  gilt  paper  insu- 
lated by  a  thin  handle 
of  shellac,  is  then  ap- 
plied to  the  interior 
surface  of  the  spbere^ 
and,  when  tested  tv 
an  electric  pendulum 
or  an  electroscope,  is 
found  to  exhibit  no 
trace  of  electricity.  But 
if,  on  the  contrary,  tLe 
disc  be  applied  to  tiie 
external  surface  of  the 
sphere,  it  will  be  found 
to  be  electrified,  anJ 
capable    of   atiraetin;,' 

Fi|.  343.— Proof-pUiie  and  Hollo*  Spbsn.  light  bodicS.       FaradsT 

varied  this  experimect, 
by  substituting  a  cylinder  of  wire-gauze  for  the  sphere.  This  cylinder 
rested  on  an  insulated  disc  of  metoL  The  disc  was  chjarged  witli 
electricity,  and  it  was  found  that  no  trace  of  the  electricity  conld  be 
detected  by  applying  the  proof-plane  to  the  interior  surface  of  the 
cylinder. 


ELECTBICm  CONFINED  TO  EXTEBMAl  8UEFACE.  G 

riie  following  experiment  is  also  due  to  Faraday.  A  metal  ri 
ixed  upon  an  insulating  stand  (Fig.  344).  To  this  ring  is  attaci 
:>ne-shaped  bag  of  fine  linen,  which  ia  a  conductor  of  electrici 
ilk  tliread,  attached  to  the  apex  of  the  cone,  and  extending  bi 


Fi|.  M4.— FuwUt'i  EipanBuat. 

enables  the  operator  to  turn  the  bag  inside  out  as  often 
eel,  without  discharging  it.  When  the  bag  ia  electrified,  I 
-LtioD  of  the  proof-plane  always  shows  that  there  is  electric 
outer,  bat  not  on  the  inner  surface.  When  the  bag  is  tun 
out,  the  electricity  therefore  passes  from  one  surface  of  i 

0  the  other. 

..  Limitations  of  the  Bole. — There  are  two  exceptions  to  1 
Ft,l>  electricity  is  cooiined  to  the  external  surface  of  a  conduct 
does  not  hold  for  electric  currents.  We  shall  see  hereafter 
ion  with  galvanic  electricity,  that  the  resistance  which  a  w 
a      length  opposes  to  the  passage  of  electricity  through 

1  not  upon  its  circumference  but  upon  its  sectional  area. 
wire  will  not  conduct  electricity  bo  well  as  a  solid  wire  of  i 
t>^x*nal  diameter. 

><:;fcxicity  may  be  induced  on  the  inner  surface  of  a  holL 
>i"  ty  the  presence  of  an  electvified  body  insulated  from  t 
,1-  Itself  If  an  insulated  body  charged  with  electricity 
ed  into  the  interior  of  a  hollow  conductor,  so  as  to  be  co 
ur-x-ounded  by  it,  but  still  insulated  from  it,  it  induces  up 
-  ^tsr&ce  a  quantity  equal  to  its  own  charge,  but  of  oppos 
fcla^  conductor  is  insulated,  an  equal  quantity,  but  of  thesai 
^  ^   c^harge  of  the  inclosed  body,  is  repelled  to  the  outside,  a 
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this  is  true  whether  the  conductor  has  an  independent  charge  of  its 
own  or  not.  In  this  case,  then,  we  have  electricity  residing  on  botli 
the  external  and  the  internal  surfaces  of  a  hollow  conductor,  but  it 
still  resides  only  on  the  surfaces. 

If  a  conducting  body  connected  with  the  earth  be  introduced  into 
the  interior  of  a  hollow  charged  conductor,  so  as  to  be  partially  sur- 
rounded by  it,  the  body  thus  introduced  will  acquire  an  opposite 
charge  by  induction,  and,  by  the  reciprocal  action  of  this  charge, 
electricity  will  be  induced  on  the  inner  at  the  expense  of  the  outer 
surface  of  the  hollow  conductor,  just  as  in  the  preceding  case. 

421b.  Ice-pail  Experiment. — ^The  effect  of  introducing  a  chared 
body  within  a  hollow  conductor  is  well  illustrated  by  the  following 
experiments  of  Faraday.     Let  A  (Fig.  34!4j  a)  represent  an  insulated 

pewter  ice-pail,  ten  and  a  half  inches  high 
and  seven  inches  in  diameter,  connected 
by  a  wire  with  a  delicate  gold  leaf  electro- 
scope E,  and  let  C  be  a  round  brass  ball 
insulated  by  a  dry  thread  of  white  silk, 
three  or  four  feet  in  length,  so  as  to  remove 
the  influence  of  the  hand  holding  it  from 
the  ice-pail  below.     Let  A  be  perfectly 
discharged,  and  let  C,  after  being  charged 
at  a  distance,  be  introduced  into  A  as  in 
the  figure.     If  C  be  positive,  E  also  will 
diverge  positively;  if  C  be  taken  away,  E 
will  collapse  perfectly,  the  apparatus  being 
in  good  order.     As  C  enters  the  vessel  A, 
the  divergence  of  E  will  increase  until  C  is 
about  three  inches  below  the  edge  of  the 
vessel,  and  will  remain  quite  steady  and 
unchanged  for  any  greater  depression.     If 
C  be  made  to  touch  the  bottom  of  A,  all 
its  charge  is  communicated  to  A,  and  C 
upon  being  withdrawn  and  examined,  is  found  perfectly  discharged. 
Now  Faraday  found  that  at  the  moment  of  contact  of  C  with  tlie 
bottom  of  A,  not  the  slightest  change  took  place  in  the  divergence 
of  the  gold-leaves.    Hence  the  charge  previously  developed  by  induc- 
tion on  the  outside  of  A  must  have  been  precisely  equal  to  that 
acquired  by  the  contact,  that  is,  must  have   been  equal  to  the 
charge  of  C. 


© 


Fig.  844a.— loe-pail  Ezperiment. 
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He  then  employed  four  ice-pails  (Fig.  344  B),  arranged  one  within 
the  other,  the  smallest  innermost,  insulated  from  each  other  by  plates 
of  shellac  at  the  bottom,  the  outermost  pail  being  connected  with  the 
electroscope.  When  the  charged  can'ier- 
baU  C  was  introduced  within  the  innermost 
pail,  and  lowered  until  it  touched  the  bot- 
tom, the  electrometer  gave  precisely  the 
same  indications  as  when  the  outermost 
pail  was  employed  alone.  When  the  inner- 
most was  lifted  out  by  a  silk  thread  after 
being  touched  by  C,  the  gold-leaves  col- 
lapsed perfectly.  When  it  was  introduced 
again,  they  opened  out  to  the  same  extent 
as  before.  When  4  and  3  were  connected 
by  a  wire  let  down  between  them  by  a  silk 
thread,  the  leaves  remained  unchanged,  and 
so  they  still  remained  when  3  and  2  were 
connected,  and  finally  when  all  four  pails 
were  connected. 

421c.  No  Force  within  a  Conductor. — 
When  a  hollow  conductor  is  electrified, 
however  strongly,  no  effect  is  produced 
upon  pith-balls,  gold-leaves,  or  any  other 
electroscopic  apparatus  in  the  interior,  whether  connected  with  the 
boUow  conductor,  or  insulated  from  it,  provided,  in  the  latter  case, 
tiat  they  have  no  communication  with  bodies  external  to  the  hollow 
conductor.  Faraday  constructed  a  cubical  box,  measuring  12  feet 
each  way,  covered  externally  with  copper  wire  and  tin-foil,  and  insu- 
lated from  the  earth.  He  charged  this  box  very  strongly  by  outside 
communication  with  a  powerful  electrical  machine ;  but  a  gold-leaf 
electrometer  within  showed  no  effect.  He  says,  **I  went  into  the 
cube  and  lived  in  it,  using  lighted  candles,  electrometers,  and  all  other 
tests  of  electrical  states.  I  could  not  find  the  least  influence  upon 
them,  or  indication  of  anything  particular  given  by  them,  though  all 
Wie  time  the  outside  of  the  cube  was  powerfully  charged,  and  large 
sparks  and  brushes  were  darting  off  from  every  part  of  its  outer 
■?arfaca" 

Tlie  fact  that  electricity  resides  only  on  the  external  surface  of  a 
cjaductor,  combined  with  the  fact  that  there  is  no  electrical  force  in 
tbe  space  inclosed  by  this  surface,  affords  a  rigorous  proof  of  the  law 


Fig.  844&-~Experiment  with  Four 
loa-pails. 
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of  inverse  squarea  For  if  the  conductor  be  a  sphere  removed  from 
the  influence  of  external  bodies,  its  charge  must  be  distributed 
uniformly  over  its  surface.  Now  it  admits  of  proof,  and  is  well 
known  to  mathematicians,  that  a  uniform  spherical  shell  exerts  no 
attraction  at  any  point  of  the  interior  space,  if  the  law  of  attraction 
be  that  of  inverse  squares,  and  that  the  internal  attraction  does  not 
vanish  for  any  other  law. 

421 D.  Electrical  Density  and  Distribution. — When  the  proof-plane 
is  applied  to  different  parts  of  the  surface  of  a  conductor,  the  quan- 
tities of  electricity  which  it  carries  off  are  not  usually  equal  Bat 
the  electricity  carried  off  by  the  proof-plane  is  simply  the  electricity 
which  resided  on  the  part  of  the  surface  covered  by  it,  for  the  proof- 
plane  during  the  time  of  its  contact  is  virtually  part  of  the  surface 
of  the  conductor.  We  must  therefore  conclude  that  equal  areas  on 
different  parts  of  the  surface  of  a  conductor  have  not  equal  amounts 
of  electricity  upon  them.  It  is  also  found  that  if  the  charge  of  the 
conductor  be  varied,  the  electricity  resident  upon  any  specified 
portion  of  the. surface  is  changed  in  the  same  ratio.  The  ratio  of  the 
quantities  of  electricity  on  two  specified  portions  of  the  surface  is  in 
fact  independent  of  the  charge,  and  depends  only  on  the  form  of  the 
conductor.  This  is  expressed  by  sajring  that  distribution  is  inde- 
pendent of  charge,  and  that  the  distribution  of  electricitj'^  on  the 
surface  of  a  conductor  depends  on  its  form. 

By  the  average  electrical  deriaity  on  the  whole  or  any  specified 
portion  of  the  surface  of  a  conductor,  is  meant  the  quantity  of  elec- 
tricity upon  it,  divided  by  its  area.  By  the  electrical  densiiy  at  (i 
specified  point  on  the  surface  of  a  conductor,  is  meant  the  average 
electrical  density  on  an  exceedingly  small  area  surrounding  it,  in 
other  words,  the  quantity  of  electricity  per  unit  area  at  the  point. 
The  name  is  appropriate,  from  the  analogy  of  ordinary  material 
density,  which  is  mass  per  unit  volume,  and  is  not  intended  to  impk 
any  hypothesis  as  to  the  nature  of  electricity.  The  name  was  intro- 
duced by  Coulomb,  who  first  investigated  the  subject  in  question, 
and  is  generally  employed  by  the  best  electricians  in  this  country. 
The  term  thickn£S8  of  electrical  stratuTn,  which  was  introduced  by 
Poisson,  is  much  used  in  France,  but  is  more  open  to  objection  from 
the  coarse  assumptions  which  it  seems  to  involva 

The  following  are  some  of  Coulomb's  results.  Tlie  dotted  line  in 
each  of  the  figures  is  intended  to  represent,  by  its  distance  from  the 
outline  of  the  conductor,  the  electric  density  at  each  point  of  the 
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latter.     In  all  cases  it  is  to  be  understood  that  the  conductor  is  so 
fisur  removed  from  external  bodies  as  not  to  be  influenced  by  them : — 

1.  Sphere  (Fig.  345).     The  electric  density  is  the  same  for  all 
points  on  the  surface  of  a  spherical  conductor. 

2.  Ellipsoid  (Fig.  346).     The  density  is  greatest  at  the  ends  of  the 


Fig.  345.— Distribution  on  Sphere.  Fig.  S46.— Dictribntion  on  Ellipsoid. 

longest,  and  least  at  the  ends  of  the  shortest  axis;  and  the  densities 
at  these  points  are  simply  proportional  to  the  axes  themselves.^ 

3.  Flat  Disc  (Fig.  347).  The  density  is  almost  inappreciable  over 
the  whole  of  both  faces,  except  close  to  the  edges,  where  it  increases 
almost  per  aaUum, 

4.  Cylinder  with  Hemispherical  Ends  (Fig.  348).     The  density  is 


Fig.  347. — Dictribntion  on  Disc  Fig.  348. — Distribution  on  Cylinder  with  rounded  ends. 

a  minimum,  and  nearly  uniform,  at  parts  remote  from  the  ends,  and 
attains  a  maximum  at  the  ends.  The  ratio  of  the  density  at  the  ends 
to  that  at  the  sides  increases  as  the  radius  of  the  cylinder  diminishes, 
the  length  of  the  cylinder  remaining  the  same. 

5.  Spheres  in  Contact, — In  the  case  of  equal  spheres,  the  charge, 
which  is  nothing  at  the  point  of  contact,  and  very  feeble  up  to  30** 
from  that  point,  increases  very  rapidly  from  30°  to  60°,  less  rapidly 
from  60°  to  90°,  and  almost  insensibly  from  90°  to  180°.  When  the 
^eres  are  of  unequal  size,  the  charge  at  any  point  on  the  smaller 

^  Man  genenlly,  the  density  at  any  point  on  the  surface  of  an  ellipsoid  is  proportional 
^  the  length  of  a  perpendicular  from  the  centre  of  the  ellipsoid  on  a  tangent  plane  at  the 

If  an  dlipeoid,  sinular  and  nearly  equal  to  the  given  one,  he  placed  so  that  the  corre- 
^nnding  juces  of  the  two  are  coincident,  we  shall  have  a  thin  ellipsoidal  shell,  whose  thick- 
ms  at  any  point  exactly  represents  the  electric  density  at  that  point. 
Soch  a  shell,  if  composed  of  homogeneous  matter  attracting  inversely  as  the  square  of  the 
i,  would  exercise  no  force  at  points  in  its  interior. 

36 
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sphere  is  greater  than  at  the  corresponding  point  on  the  laiger  one; 
and  as  the  smaller  sphere  is  continually  diminished,  the  other 
remaining  the  same,  the  ratio  of  the  densities  at  the  extremities  of 
the  line  of  centres  tends  to  become  2:1. 

422.  Method  of  Experiment. — The  preceding  results  were  obtained 
by  Coulomb  in  the  following  manner.  He  touched  the  electrified 
body  at  a  known  point  with  the  proof-plane,  and  then  put  the  plane 
in  the  place  of  the  fixed  ball  of  the  torsion-balance,  the  movable 
ball  having  previously  been  charged  with  electricity  of  the  same 
sign.  Eepulsion  was  thus  produced,  and  the  amount  of  torsion 
necessary  to  keep  the  balls  at  a  certain  distance  asunder  was  observed. 
He  then  repeated  the  experiment  with  electricity  taken  from  a  dif- 
ferent point  of  the  body  under  examination,  and  the  ratio  of  the 
densities  at  the  two  points  was  given  by  the  ratio  of  the  torsions 
necessary  to  keep  the  balls  at  the  same  distance. 

By  way  of  checking  the  accuracy  of  this  mode  of  experimentation. 
Coulomb  electrified  an  insulated  sphere,  and  measured  the  electric 
density  on  its  surface  by  the  method  described  above.  He  then 
touched  the  sphere  with  another  precisely  equal  sphere,  and  on  again 
applying  the  proof- plane  he  found  that  the  charge  carried  off  by  the 
plane  was  just  half  what  it  had  been  befora 

423.  Alternate  Contact. — ^The  above  experiments  naturally  require 
some  time,  during  which  the  body  under  investigation  is  gradually 
losing  its  charge.  The  consequence  is,  that  the  densities  indicated 
by  the  balance,  if  taken  singly,  do  not  correctly  represent  the 
electric  distribution.  This  source  of  error  was  avoided  by  Coulomb 
in  the  following  manner.  He  touched  two  points  on  the  body  suc- 
cessively, and  determined  the  electric  density  at  each;  and  then,  after 
an  interval  equal  to  that  between  the  two  experiments,  he  touched 
the  first  point  again,  and  obtained  a  second  measure  of  its  density, 
which  was  less  than  the  first,  on  account  of  the  dissipation  of  elec- 
tricity.    If  the  densities  thus  observed  be  denoted  by  A  and  A',  and 

the  density  observed  at  the  second  point  by  B,  it  is  evident  that  ^  is 

A' 

greater,  and  ^  less  than  the  ratio  required.     Coulomb  adopted,  as 

A  +  A' 

the  correct  value,  their  arithmetic  mean  J  ~b~- 

424.  Power  of  Points. — ^The  distribution  of  electricity  on  a  con- 
ductor of  any  form  may  be  roughly  described,  by  saying  that  the 
density  is  greatest  on  those  parts  of  the  surface  which  project  most^ 
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or  which  have  the  sharpest  convexity,  and  that  in  depressions  or 
concavities  it  is  small  or  altogether  insensible.  Theory  shows  that 
at  a  perfectly  sharp  edge,  such,  for  example,  as  is  formed  by  two 
planes  meeting  at  any  angle  however  obtuse,  but  not  rounded  oi/\ 
the  density  must  be  infinite,  and  a  fortiori  it  must  be  infinite  at  a 
perfectly  sharp  point,  for  example  at  the  apex  of  a  cone,  however 
obtuse,  if  not  rounded  off.  Practically,  the  points  and  edges  of 
bodies  are  always  rounded  off;  the  microscope  shows  them  merely 
as  places  of  very  sharp  convexity  (that  is,  of  very  small  radius  of 
curvature),  and  hence  the  electric  density  at  those  places  is  really 
finite ;  but  it  is  exceedingly  great  in  comparison  with  the  density 
at  other  parts,  and  this  is  especially  true  of  very  acute  points,  such 
as  the  point  of  a  fine  needle.  The  consequence  is,  that  if  a  pointed 
conductor  is  insulated  and  charged,  the  concentration  of  a  large 
amount  of  repulsive  force  within  an  exceedingly  small  area  pro- 
duces very  rapid  escape  of  electricity  at  the  points.  Conductors 
intended  to  retain  a  charge  of  electricity  must  have  no  points  or 
edges,  and  must  be  very  smooth.  If  of  considerable  length  in  pro- 
portion to  their  breadth,  they  are  usually  made  to  tenninate  in  large 
knobfl. 

426.  IKflsipatioiL  of  Charge. — ^When  an  insulated  conductor  is 
chai^ged  and  left  to  itself,  its  charge  is  gradually  dissipated,  and  at 
length  completely  disappears.  This  loss  takes  place  partly  through 
the  supports,  and  partly  through  the  air. 

As  regards  the  supports,  the  loss  occurs  chiefly  at  their  surface, 
especially  if  (as  is  usually  the  case)  they  are  not  perfectly  dry.  It 
is  diminished  by  diminishing  their  perimeter,  and  by  increasing 
iheir  length ;  for  example,  a  long  fibre  of  glass  or  raw  silk  is  an  ex- 
cellent insulator. 

As  regards  the  air,  we  must  distinguish  between  conduction  and 
cMivection.  Moist  air  and  highly  rarefied  air  probably  act  as  con- 
ductors ;  but  with  air  that  is  relatively  dry  the  loss  is  probably 
ddeflj  dne  to  contact  and  convection.  Successive  layers  of  air  be- 
<ac»me  electrified  by  contact  with  the  conductor,  and  are  then  repelled, 
*:anjing  off  the  electricity  which  they  have  acquired.  It  is  by  an 
iction  of  this  kind  that  electricity  escapes  into  the  air  from  points, 
i*  is  pfTOved  by  the  wind  which  passes  off  from  them  (§  444).  Parti- 
4es  of  dust  present  in  the  air,  in  like  manner,  act  as  carriers,  being 
-ttncted  to  the  conductor,  charged  by  contact  with  it,  and  then 
pppelled-     They  also  frequently  adhere  by  one  end  to  the  conductor, 
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and  thus  constitute  pointed  projections  through  which  electricity  is 
discharged  into  the  air. 

Coulomb  deduced  from  his  observations  on  dissipation  of  charge,  a 
law  precisely  analogous  to  Newton's  law  of  cooling,  namely,  that 
when  all  other  circumstances  remain  the  same,  the  rate  of  loss  is 
simply  proportioTidL  to  the  charge,  so  that  the  charges  at  equal 
intervals  of  time  form  a  decreasing  geometric  seriea  Subsequent 
experience  has  confirmed  this  law,  as  approximately  true  for  modeiate 
charges  of  the  same  sign.  Negative  charges  are,  however,  dissipated 
more  rapidly  than  positive. 


CHAPTEE   XXXVIIL 


ELECTRICAL  MACHINES. 


426.  Electricftl  Machines. — The  first  electrical  machine  was  invented 
by  Otto  Guericke,  to  whom,  as  we  have  already  seen  (§  129),  science 
is  indebted  for  the  invention  of  the  air-pump.     It  consisted  of  a  ball 
of  sulphur  which  was  turned  upon  its  axis  by  one  person,  while 
another  held  his  hands  upon  the  ball,  thus  causing  the  friction 
necessary  for  the  production  of  electricity.     The  result  was  that 
the  globe  was  negatively  electrified,  and   the  positive  electricity 
scaped  into  the  earth  through  the  hands  of  the  operator.     This 
machine,  however,  was  capable  of  producing  only  very  feeble  effects, 
and  the  sparks  obtained  from  it  were  visible  only  in  the  dark     An 
English  philosopher,  Hawksbee,  substituted  a  globe  of  glass  for  the 
globe  of  sulphur;   the  electricity  thus  obtained  was  positive,  and 
the  sparks  obtained  by  the  new  machine  were  of  considerable  bright- 
ness.    The  machine,  however,  was  for  the  time  superseded  by  the 
use  of  glass  tubes,  which  continued  to  be  the  favourite  instruments 
for  generating  electricity  until  the  middle  of  the  eighteenth  century, 
when  a  Crerman  philosopher,  Boze,  professor  of  physics  at  Wittem- 
beig;  revived  and   perfected   Hawksbee's  machine,  which  became 
universally  adopted. 

Fig.  349,  which  is  taken  from  the  Legona  de  Physique  of  the  Ahh4 
NoIIet,  published  in  1767,  shows  the  arrangement  of  the  machine 
adopted  by  this  celebrated  philosopher.  It  consists  of  a  large  wheel, 
round  ^^bich  is  passed  an  endless  cord,  which,  passing  also  round  a 
policy,  serves  to  turn  a  glass  globe  when  the  wheel  is  set  in  motion. 
The  electricity  thus  produced  is  collected  on  a  conductor  suspended 
&om  the  ceiling  by  silk  cords. 

It  will  be  observed  that,  in  the  figure,  the  friction  is  produced  by 
tfic  hand.      This  mode  of  applying  friction,  which  is  evidently  rude 


iuhsden's  machine.  535 

mi  defective,  was  nevertheless  long  used  for  want  of  a  better,  though 
many  attempts  were  made  to  replace  it  by  the  use  of  rubbers  of 
leather,  stuffed  with  hair,  and  pressed  against  the  globe  by  means  of 
regulating  screws.  The  shape  of  the  globe  rendered  the  use  of  these 
very  difficult,  and  it  wan  not  until  a  cylinder  was  substituted  for  the 
globe  that  they  were  generally  adopted. 

427.  Bunsden'B  Machine. — The  kind  of  machine  most  commonly 
employed  at  present  is  the  plate- machine,  invented  by  Ramsden  about 
1768,  and  only  slightly  changed  and  improved  since. 

The  most  usual  form  of  this  machine  is  ehown  in  Fig.  350.     It 


Fie.  SiO.— Bwiwddi'a  ElHtilisl  Uichine. 

Tcular  plate  *of  glass,  which  turns  on  an  axis  supported 
rooden  uprights.  On  each  side  of  the  plate,  at  the  upper 
er  parts  of  the  uprights,  are  two  cushions,  which  act  as 
when  the  plate  is  turned.  In  front  of  the  plate  are  two 
conductors  supported  on  glass  legs,  and  terminating  in 
which  are  bent  round  the  plate  at  the  middle  of  its  height, 
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and  are  studded  with  points  projecting  towards  it.  The  phte 
becomes  charged  with  positive  electricity  by  friction  against  the 
cushions,  and  gives  off  its  electricity  through  the  points  to  the  two 
conductors,  or,  what  amounts  to  the  same  thing,  the  conductors  give 
off  negative  electricity  through  the  points  to  the  positively-electrified 
plate.  In  order  to  avoid  loss  of  electricity  from  that  portion  of  the 
plate  which  is  passing  from  the  cushions  to  the  points,  sector-shaped 
pieces  of  oiled  silk  are  placed  so  as  to  cover  it  on  both  sides.  The 
cushions  become  negatively  electrified  by  the  friction ;  and  the 
machine  will  not  continue  working  unless  this  negative  electricity 
is  allowed  to  escape.  The  cushions  are  accordingly  connected  with 
the  earth  by  means  of  metal  plates  let  into  their  supports. 

428.  Limit  of  Charge. — ^As  the  conductors  become  more  highly 
charged,  they  lose  electricity  to  the  air  more  rapidly,  and  a  time  soon 
arrives  when  they  lose  electricity  as  fast  as  they  receive  it  fix)m  the 
plate.  After  this,  if  the  machine  continues  to  be  worked  uniformly, 
their  charge  remains  nearly  constant.  This  limiting  amount  of 
charge  depends  very  much  upon  the  condition  of  the  air ;  and  in 
damp  weather  the  machine  often  refuses  to  work  unless  special  means 
are  employe^  to  keep  it  dry. 

The  rubbers  are  covered  with  a  metallic  preparation,  of  which 
several  different  kinds  are  employed.  Sometimes  it  is  the  compound 
called  aurum  musivum  (bisulphide  of  tin),  but  more  frequently  an 
amalgam.     Kienmeier's  amalgam  consists  of  one  part  of  zinc,  one  of 

tin,  and  two  of  mercury.   The  amalgam 
X|  is  mixed  with  grease  to  make  it  adhere 

to  the  leather  or  silk  which  forms  the 

face  of  the  cushion. 

Before  using  the  machine,  the  glass 

^^^g^mmm^mmmmm^      l^gS     which      SUppOll     the     COUduCtOTS 

9^BH|^H|^M||^^^1|H    should   be  wiped   with   a  warm   dry 

^^^^^^^^^^^^    cloth.     The  plate  must  also  be  cleaned 

Kg.  ssi.-Quadrant  EiectioMope.        from  any  dust  or  portions  of  amalgair 

which  may  adhere  to  it,  and  lastly, 
dried  ^dth  a  hot  cloth  or  paper.  When  these  precautions  are  taken, 
the  machine,  if  standing  near  a  fire,  will  always  work;  but  the 
charging  of  Leyden  jars,  and  especially  of  batteries,  may  be  rendered 
impossible  by  bad  weather. 

The  variations  of  charge  are  indicated  by  the  quadauTU  electroscope 
(Fig.  351),  which  is  attached  to  one  of  the  conductors.     It  consists 
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of  an  upright  cooductJng  stem,  supporting  a  quadrant,  or  more  com- 
monly a  semitnrcle,  of  ivory,  at  whose  centre  a  light  needle  of  ivory 
is  jointed,  carrying  a  pith-ball  at  its  end.  When  there  is  no  chat^e 
in  the  conductor,  this  pendulum  hangs  vertically,  and  as  the  charge 
iacteases  it  is  repelled  further  and  farther  from  the  stem.  In  damp 
weather  it  will  be  observed  to  return  to  the  vertical  position  almost 
immediately  on  ceasing  to  turn  the  machine,  while  in  very  favour- 
■ble  circumstances  it  gives  a  sensible  indication  of  charge  after  two 
or  three  minutes. 

429.  Naime's  Machine. — Ramsden's  machine  furnishes  only  positive 
electricity.     In  order  to  obtain  negative  electricity,  it  is  necessary  to 


Fig,  3S2.— Nkiraa'a  ElHtriotI  lUebiiie. 

insulate  the  cushions  from  the  ground,  and  to  place  them  in  com- 
munication with  an  insulated  conductor.  An  arrangement  of  this 
kind  ia  adopted  in  Nairne's  machine. 

In  this  machine  a  large  cylinder  of  glass  revolves  between  two 
^parately  insulated  conductors.  One  of  these  faaa  a  row  of  points 
projecting  towards  the  glass,  and  collects  positive  electricity.  The 
other  is  connected  with  the  rubber,  and  collects  negative.  If  one 
kind  of  electricity  only  is  required,  the  conductor  which  furnishes 
tbe  other  must  be  connected  with  the  ground. 

410.  Winter's  Machine. — Winter,  of  Vienna,  has  introduced  some 
ncMlificationa  in  Ramsden's  machine. 
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Instead  of  four  cushions,  there  are,  as  will  be  seen  by  the  fignre 
(Fig-  353),  only  two,  which  are  in  communication  with  a  spherical 
conductor,  supported  on  a  glass  pillar.  This  may  be  used  to  collect 
negative  electricity,  in  the' same  way  as  the  negative  conductor  in 
Naime's  machine.  The  chief  or  positive  conductor  consbts  of  an 
insulated  sphere,  on  the  top  of  which  is  often  another  sphere  of 
smaller  size.     The  po^tive  electricity  is  collected  from  the  plate  by 
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means  of  two  rings  opposite  to  each  other,  one  on  each  side  of  the 
plate.  On  the  side  next  the  plate,  they  have  a  groove,  which  is  lined 
with  roetal,  and  studded  with  pointa  They  are  supported  by  an  arm 
which  is  inserted  in  the  positive  conductor.  The  size  of  the  positive 
conductor  is  often  increased  by  the  addition  of  a  very  large  ring  [3 
or  i  feet  in  diameter)  which  is  supported  on  the  top  of  the  lai^ 
sphere.  The  ring  consists  of  very  stout  brass  wire  inclosed  in  well- 
polished  mahogany. 

Winter's  machine  appears  to  give  longer  sparks  than  the  ordinaiy 
machine  under  the  same  circumstances.  This  circumstance  is  ow iog, 
partly  at  least,  to  the  considerable  distance  between  the  rubber  and 
the  positive  conductor,  which  prevents  the  occurrence  of  discbai^ 
between  them. 


HYDRO-ELECTRIC    MACHINE. 


til.  Hydro-electric  Macliiiie. — About  the  year  1810,  Mr.  (now  Sir) 
W.  Armstrong  invented  an  electric  machine,  in  which  electricity  was 
generated  by  the  friction  of  steam  against  the  sidea  of  orifices,  through 
wbich  it  is  allowed  to  escape  under  high  pressure.     It  consists  of  a 


toiler  with  the  fire  inside,  supported  on  four  glass  legs.  The  steam, 
l«fore  escaping,  passes  through  a  number  of  tubes  wbich  traverse  a 
'W)iing-box  containing  water,  into  which  dip  meshes  of  cotton,  which 
>re  led  over  the  tubes,  and  passed  round  tliem.  The  cooling  thus 
ptDduoed  in  the  tubes,  causes  partial  condensation  of  the  steam.  This 
W  been  found  to  be  an  indispensable  condition,  the  friction  of  per- 
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fectly  dry  steam  being  quite  inoperative.  Speaking  strictly,  it  is  the 
friction  of  the  drops  /)f  water  against  the  sides  of  the  orifice,  which 
generates  the  electricity,  and  the  steam  merely  furnishes  the  means 
of  applying  the  friction.  The  jet  of  steam  is  positively,  and  the 
boiler  negatively  electrified.  The  positive  electricity  is  collected  by 
directing  the  jet  of  steam  upon  a  metal  comb  communicating  with 
an  insulated  conductor. 

The  form  of  the  outlet  by  which  the  steam  escapes  is  shown  in 
Fig.  355.  The  steam  is  checked  in  its  course  by  a  tongue  of  metal, 
round  which  it  has  to  pass,  before  it  can  enter  the  wooden  tube 
through  which  it  escapes  into  the  air.  This  machine,  in  order  to 
work  well,  requires  a  pressure  of  several  atmospherea  The  water  in 
the  boiler  should  be  distilled  water.  If  a  saline  solution  be  intro- 
duced into  the  tube  through  which  the  steam 
escapes,  all  titices  of  electricity  immediately 
disappear.  The  generation  of  electricity 
varies  both  in  sign  and  degree,  according  to 
the  substance  of  which  the  escape-tube  is 
Fig.  365.-outiot  of  steam.       composed,  and  according  to  the  liquid  whose 

particles  are  carried  out  by  the  steam.  Thus, 
when  a  small  quantity  of  oil  of  turpentine  is  introduced  into  the  jet 
of  steam,  the  boiler  becomes  positively,  and  the  steam  negatively 
electrified. 

The  hydro-electric  machine  is  exceedingly  powerful  At  the 
Polytechnic  Institution  in  London,  there  was  one  with  a  boiler 
78  inches  long  and  42  in  diameter,  and  with  46  jeta  Sparks  were 
obtained  from  the  conductor  at  the  distance  of  22  inches.  The 
machine  is,  however,  very  inconvenient  to  manage.  A  long  time  is 
required  to  get  up  the  requisite  pressure  of  steam.  The  boiler  must 
be  carefully  washed  with  a  solution  of  potash,  after  each  occasion  of 
its  use ;  and,  finally,  the  working  of  the  machine  is  necessarily  accom- 
panied by  the  disengagement  of  an  enormous  quantity  of  steam, 
which,  besides  causing  a  deafening  noise,  has  the  mischievous  effect 
of  covering  with  moisture  everything  within  reach.  Accordingly, 
though  very  interesting  in  itself,  it  is  by  no  means  adapted  to  the 
general  purposes  of  an  electrical  machina 

432.  Holtz's  Machine. — In  the  machines  just  described,  electricity 
is  produced  by  the  friction  of  one  substance  against  another.  Quite 
recently,  several  machines  have  been  invented  of  quite  a  different 
kind,  in  which  a  body  is  electrified  once  for  all  and  made  to  act  by 
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indnctioD  upon  a  movable  systeiD,  in  such  a  way  aa  to  produce  a 
coDtinuol  generation  of  electricity.  The  most'  succesd'al  of  these  is 
tiiat  ioTented  by  Holtz  of  Berlin  in  1865. 

It  contains  two  tbin  circular  plates  of  glass,  one  of  which.  A,  is 
fixed,  while  the  other,  B,  which  is  rather  smaller,  can  be  made  to 
revolve  very  near  it  In  the  fixed  plate  there  are  two  large  boles 
or  windows  near  the  extremities  of  its  horizontal  diameter.     Across 


these,  and  partly  covering  them,  are  glued  two  paper  bands  or  arma- 
tures, baving  points/,/'  directed  the  opposite  way  to  that  in  which 
the  movement  takes  pla<^  Two  metallic  combs  P,  P*  are  placed 
opposite  the  windows,  on  the  other  side  of  the  revolving  plate,  and 
are  connected  vrith  two  insulated  conductors  terminating  in  the 
knobs  n,  m.,  which  may  be  called  the  poles  or  electrodes  of  the 
mAcbine.  These  knobs  can  be  set  at  any  distance  asunder.  In 
5tartiDg  the  machine,  they  are  placed  in  contact,  and  one  of  the 
uinatures,  suppose  /,  is  electrified  by  holding  against  it  a  sheet  of 
Tnlcanitie  which  has  been  charged  with  negative  electricity  by  fric- 
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tioii.    The  plate  is  then  turned  for  a  few  seconds,  and  the  two  knobs 
are  gradually  separated. 

A  continuous  crackling  noise  is  immediately  produced  at  the  place 
of  separation,  resulting  from  electric  discharge  across  the  interval 
In  the  circumstances  supposed,  the  knob  n  is  the  negative,  and  the 
knob  7n  the  positive  electrode.  In  dry  weather,  the  machine,  when 
once  started,  will  continue  in  action  for  a  long  time  if  the  motion  is 
kept  up,  but  it  soon  ceases  to  act  if  the  air  is  damp,  being  even  more 
sensitive  to  moisture  than  the  ordinary  machine. 

The  action  of  the  machine  is  as  follows: — The  negative  electricity 
of  the  armature  /,  acting  inductively  on  the  opposed  conductor,  from 
which  it  is  separated  by  the  revolving  plate,  causes  this  conductor 
to  discharge  positive  electricity,  through  the  comb,  upon  the  fece  of 
the  plate,  and  thus  to  acquire  a  negative  charge ;  when  the  part  of 
the  plate  which  has  been  thus  affected  comes  opposite  the  other 
armature,  the  latter  is  affected  inductively,  and  discharges  native 
electricity  through  its  point  /'  upon  the  back  of  the  plate,  thns 
becoming  itself  positively  electrified     Positive  electricity  froYn  the 
front  of  the  plate  is  at  the  same  time  collected  by  the  comb  F,  an 
equal  quantity  of  negative  being  of  course  discharged  from  the  comb 
upon  the  plate.    In  the  subsequent  stages  of  the  process,  the  negative 
electricity  thus  discharged  upon  the  face  of  the  plate  exceeds  the 
positive  which  was  previously  there,  so  that  the  face  of  the  plate 
passes  on  with  a  negative  charge.     When  the  portion  of  the  plate 
which  we  are  considering  again  comes  opposite  /,  it  increases  the 
negative  electrification  both  of  the  armature  and  the  conductor, 
inasmuch  as  it  has  more  of  negative  or  less  of  positive  electricity 
upon  both  its  surfaces  than  it  had  when  it  last  moved  away  from 
that  position.     Both  armatures  thus  become  more  and  more  strongly 
electrified,  until  a  limit  is  attained  which  depends  on  the  goodness  of 
the  insulation ;  and  as  the  electrification  of  the  armatures  increases, 
the  conductors  also  become  more  powerfully  affected,  and  are  able  to 
discharge  to  each  other  by  the  knobs  mn  at  a  continually  increasing 
distance. 

The  inventor  has  recently  introduced  a  modified  form  of  his 
machine.  The  plates  are  placed  horizontally  (Fig.  357),  they  have 
neither  windows  nor  armatures,  and  they  both  revolve,  but  in  oppo- 
site directiona  Two  conductors  furnished  with  rows  of  points  are 
placed  above  the  upper  plate  at  the  extremities  of  one  diameter,  and 
two  others  below  the  lower  plate  at  the  extremities  of  another 
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diameter  perpendicular  to  the  former.  Each  of  the  upper  conductors 
is  connected  with  one  of  the  lower,  so  that  there  are  virtually  only 
two  conductors.  In  starting  the  machine,  a  sector  of  electrified  vul- 
tsnite  is  held  over  the  upper  phite,  opposite  one  of  the  lower  combe. 


— HoIU'a  Mwhia*  Willi  HoriioDMl  PUtM. 


When  the  machine  has  been  turned  for  a  few  seconds,  the  sector  may 
^  removed,  and  a  continual  discharge  of  sparks  takes  place  between 
tlie  two  knobs  which  are  connected  with  the  two  conducting  systems. 
Frequently,  a«  in  the  figure,  a  comb  is  placed  above,,  opposite  to  the 
lover  oomb,  and  this  arrangement  appears  to  increase  the  efficiency 
of  the  machine. 

Tbe  action  in  this  form  of  the  machine  also  depends  upon  induc- 
Uon,  the  conductors  performing  the  duty  of  armatures  as  well  We 
siill  not  enter  into  details,  but  merely  remark  that,  in  both  forms  of 
^e  machine,  work  is  spent  in  turning  the  plates  in  opposition  to  elec- 
li^  Attractions  and  repulsions;  and  that  the  mechanical  energy  thus 
"tsimied  produces  an  equivalent  in  the  form  of  electrical  energy. 

^.  Eleetiophonu. — When  electricity  is  required  in  comparatively 
aaaU  quantities,  it  is  readily  supplied  by  the  simple  apparatus  called 
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Fig  858.— Electrophonis. 


the  dectrophorua.     This  consists  (Fig.  358)  of  a  disc  of  resin,  or  some 
other  material  easily  excited  by  friction,  and  of  a  polished  metal  disc 

B  with  an  insulating  handle  CD.  The 
resin  disc  is  electrified  by  striking  or 
rubbing  it  with  catskin  or  flannel,  and 
the  metal  plate  is  then  laid  upon  it  In 
these  circumstances,  the  upper  plate  does 
not  receive  a  direct  charge  from  the 
lower,  but,  if  touched  with  the  finger 
(to  connect  it  with  the  earth),  receives 
an  opposite  charge  by  induction.  On 
lifting  it  away  by  its  insulating  handle, 
it  is  found  to  be  charged,  and  will  give 
a  spark.  It  may  then  be  replaced  on 
the  lower  plate  (touching  it  at  the  same  time  with  the  finger),  and 
the  process  repeated  an  indefinite  number  of  times,  without  anyfi^h 
excitation,  if  the  weather  is  favourable. 

The  resinous  plate  has  usually  a  base  or  sole  of  metal,  which  is  in 
connection  with  the  earth  while  the  electrophorus  is  being  worked 
This  sole,  by  the  mutual  induction  which  takes  place  between  it  and 
the  upper  plate  or  cover,  increases  the  capacity  of  the  latter  (see  Chap, 
xl.),  and  thus  increases  the  charge  acquired.  When  the  cover 
receives  its  positive  charge  on  being  connected  with  the  earth,  the 
sole  at  the  same  time  receives  from  the  earth  a  negative  charge, 
and  as  the  cover  is  gradually  lifted  this  negative  charge  gradually 
returns  to  the  earth. 

The  most  convenient  form  of  the  electrophorus  is  that  of  Professor 
Phillips,  in  which  the  cover,  when  placed  upon  the  resinous  plate, 
comes  into  metallic  connection  with  the  metal  plate  below.  That 
this  arrangement  is  allowable  is  evident,  when  we  reflect  that, 
when  the  upper  plate  is  touched  with  the  finger,  it  is  in  fsbct 
connected  with  the  lower  plate,  since  both  are  connected  with  the 
earth ;  and  it  effects  a  great  saving  of  time  when  many  spark  are 
required  in  quick  succession,  for  the  cover  may  be  raised  and  lowered 
as  fast  as  we  please,  coming  alternately  into  contact  with  the  resinous 
plate  and  the  body  which  we  wish  to  charge. 

434.  Bertsch's  Electrical  Machine. — A  machine  which  has  been 
called  a  rotatory  electrophorus  has  recently  been  invented  by  Bertsdi, 
and  is  represented  in  Fig.  360.  A  circular  plate  of  ebonite  D  can  be 
made  to  revolve  rapidly.     A  sector  of  the  same  material,  previously 
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cited  by  friction,  is  fixed  opposite  the  lower  portion  of  the  plate; 
d  (3a  tbe  other  side,  immediately  opposite  to  this,  is  a  metallic 
ab  N  forming  the  extremity  of  a 
iductor  connected  with  the  earth. 

tiie  upper  part  is  another  comb 
connected  with  the  conductor  A. 
der  the  influence  of  the  electrified 
or,  tbe  conductor  C  dischaiges  posi- 

electrieity  on  the  plate  through 
comb  N.  In  passing  the  comb  M, 
ortion  of  this  electricity   is  col- 

d   by  the    points,    and    charges  Fia  339.-Ei«tra(^  sector, 

conductor  A.     The  efiect   is   in- 

«d  by  connecting  A  with  another  conductor  £  of  very  lai^ 
nsiona 
is  machine  difiers  from  that  of  Holtz  in  furnishing  no  means  for 
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ig,  or  even  sustaining,  the  charge  of  the  armature.     In  this 
t  resembles  the  ordinary  electi'ophoms. 


CHAPTER    XXXIX 


VARIOUS  EXPERIMENTS   WITH  THB  ELECTRICAL  MACHIHK 


486.  Elflotrio  Spark. — The  spark  fumiahed  by  an.  electrical  roachiDe 
of  small  dimensions  is  short,  and  usually  strfkight    Powerful  machines 
sometimes  give  sparks  of  the  length  of  a  foot.     Such  sparks  have 
■usually  a  zig-zag  form,  like  flashes  of  lightning.     One  of  the  readiest 
means  of  obtaining  long  sparks 
consists'  in  placing,  opposite  to 
one  of  the  small  knobs  of  tbe  ' , 
conductor    of   the    machine,  a    | 
large   conductor,   having  good 
earth  connection,  and  present- 
ing a  polished  and  slightly  coa- 
vex  surface  towards  the  kDui^ 
A  more  powerful  effect  will  If 
obtained    by    connecting   tlii<   I 
conductor  with   the   rubber  or 
the  negative  conductor  of  the 
Fi£.  301.— EiKtcinSpnrk.  machine,   instead   of  with  tlit  I 

earth.  Very  frequently,  wlien 
the  spark  is  a  foot  or  more  in  length,  finer  ramifications  proceed 
from  its  main  track,  as  shown  in  Fig,  362.  I 

436.  Brush, — When  a  powerful  machine  is  working  in  a  very  dry 
atmosphere,  the  rubbers  being  in  good  order,  and  the  machine  being 
turned  rapidly,  a  characteristic  sound  is  heard,  which  is  an  indication 
of  continuous  discharge  into  the  air.  In  the  dark,  luminous  appear-  ' 
ances  called  bruehes  are  seen  on  the  projecting  parts  of  the  con- 
ductors. They  may  be  rendered  very  conspicuous  by  presenting  a 
iafge  bonducting  surface  at  a  distance  a' little  too  great  for  a  spark  i 
to  pass.     It  will  then  be  observed  that  the  brush  consists  (Fig.  363, 


THE  BRUSH, 


ofashort  foot-stalk,  with 
«  multitude  of  rays  di- 
verging hxim  it  like  a  fan, 
and  with  other  emaller 
jamificatioDs  proceeding 
from  these.  Positive  elec- 
tricity ^ves  larger  and 
finer  brushes  than  nega- 
tive, We  may  add,  that, 
when  the  machine  ia 
working  well,  briliiaat 
sparks  continually  leap 
across  the  plate,  consists 
ing  of  discharges  between 
the  cushions  and  the  near- 
est part  of  the  conductor. 
The  conductor  itself  is 
also  surrounded  with  lu- 
minosity. In  the  dark, 
the  brilliant  spectacle  pre- 
sented by  these  combined 
appearances,  with  the  con- 
tinual crackling  which  ac- 
companies them,  is  very 
impressive,  and  furnished 
an  inexhaustible  subject 
of  curiosity  to  the  elec- 
tnciaos  of  last  century. 

It  is  probable  that  the 
passage  of  a  spark  is 
always  preceded  by  a  very 
hi^  degree  of  polar  ten- 
^n  in  all  the  particles  of 
air  in  and  about  its  track, 
and  that  the  spark  occurs 
vhen  this  tension  any- 
where exceeds  what  the 
particles  are  able  to  bear. 
Tlw  frequent  crookedness 
of  the  spark  is  probably 
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dne  to  the  presence  of  conducting  particles  of  dust,  which  serve  is 
stepping-stoneB,  and  render  a  crooked  course  the  easiest 

AA1    nnnaHnn   nf  t.liB   flnarV Wa   mn    fnrm    nn    inAammt.  nf  fhl 
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in  measuring  its  duration  by  means  of  a  revolving  mirror ;  an  exped- 
ient which  bus  since  been  employed  with  great  advantage  in  many 
otha  researches,  especially  in  determining  the  velocity  of  light. 

Let  mn  (Fig.  364)  be  a  mirror  revolving  with  great  velocity 
about  an  axis  passing  through  c, 
and  suppose  that,  during  the 
rotation,  an  electric  spark  Is  pro- 
dwed  at  a.  An  eye  stationed  at 
o  win  see  an  image  in  the  sym- 
metrical  position  a.  If  the  spark 
iiflfarictly  instantaneous,  its  image 
win  be  seen  as  a  luminous  [X)int 
«t  a',  notwithstanding  the  rota^ 
tUB  of  the  mirror;  but  if  it  has 
a  finite  duration,  the  image  will 
more  from  a'  to  a",  while  the 
aniTor  moves  from  ec'  to  ttf,  the 
htter  being  its  position  when  the 
ipark  ceases.  What  is  actually 
seen  in  the  mirror  will  therefore 

Mt  be  a  point,  but  a  luminous  n(.ut.— Donuanorspuk. 

faidc  a'a". 

The  length  of  this  image  will  be  double  of  the  arc  et ;  for  the 
tt0^  ect  at  the  centre  is  equal  to  the  angle  a'aa"  at  the  circum- 
ftlHee,  ifae  sides  of  the  one  being  perpendicular  to  those  of  the  other. 
]i|;'W]ieatBtone'8  experiment,  the  mirror  made  800  turns  in  a  second, 
s  image  a'a"  was  an  arc  of  24° ;  the  mirror  therefore  turned 
b  12°,  or  35  of  a  revolution,  while  the  spark  lasted.  The  dura- 
f  tbe  spark  was  therefore  g^  of  g-j^,,  that  is,  jj^-d^  of  a  second 
r  examining  the  brush  in  the  same  way,  Wheatstone  found  it  to 
t  of  a  succession  of  sparks. 
'MBl -Spark  in  Barefled  Oases. — Tbe  appearance  of  the  spark  is 
gndfy  modi6ed  by  rarefying  the  air  in  which  it  is  taken.  To  show 
Uiis,  an  apparatus  is  employed  which  is  called  the  electric  egg.  It  is 
an  oval  glass  vessel,  which  can  be  exhausted  by  means  of  a  stop-cock 
at  its  lower  end.  Its  upper  end  is  closed  by  a  cap,  in  which  slides  a 
bruB  rod  terminated  by  a  knob,  which  can  be  adjusted  to  any  dis- 
Unce  from  another  knob  connected  with  a  cap  at  the  lower  end. 
When  the  egg  contains  air  at  atmospheric  pressure,  a  spark  passes 
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employed  in  experiments  of  this  kind,  its  two  poles  being  connected 
witii  the  two  knoba 

When,  instead  of  the  electric  egg,  we  employ  a  long  tube,  such  aa 
is  employed  for  showing  the  fiiU  of  bodies  in  vaciio,  the  whole  length 
of  tbe  tube  is  filled  with  violet  light,  which  exhibits  continual  flicker- 
ing, and  su^ests  the  idea  of  undulations  travelling  in  the  same 
direction  as  thd  positive  electricity.  In  all  these  experiments,  &8  we 
diminish  the  density  of  the  air,  we  diminish  the  resistance  to  dis- 
charge, and  at  the  same  time  diminish  the  intrinsic  brightness  of  the 
spark:  '  ' 

In  the  Torricellian  vacuum,  electric  discharge  is  accompanied  by  a 
perceptible  though'  very  feeble  luminosity,  as  may  be  shown  by  an 
armogemeni  due  to  Catvendish,  and  represented  in  Fig.  3C7.     Two 
barometric  tubes,  united  at  the  top, 
■re  plunged  in  two  cups  of  mercury. 
The  merctiry  in  one  cup  is  connected 
with  the  cbnductdr  of  the  machine, 
while  that  in  the  other  is  connected 
with  the  earth.     In  these  circum- 
staDces,  the  vacuum-space  is  filled 
with  luminosity,  which  is  brighter 
as  the  temperature  is  higher,  pro- 
bably on  account  of  the  greater  den- 
sity of  the  mefxiiirial  vapour  which 
serves  as  the  ndediam  of  discharge. 

Tbe  experiments  of  'Gnssiot  and 
others  have  shown  that  electricity 
traverses  a  space  occupied  by  a  gas 
with  continually'  increasing'  facility 
as  the  density  of  the  gas  is  dimi- 
nished, until  a  certain  limit  is 
attained;    biit    th&t   when    special 

meatis  are  employed  to  render  the     Fig.  asr.— DiKbuge id  TonioeiiiHi  vu 
vwoom  as  nearly  perfect  as  possible, 
this  limit  can  be  exceeded,  and  the  resistance  may  increase  so  much' 
■a  to  prevent  discharge. 

This  latter  point  is  illustrated  by  the  apparatus  represented  in  Fig. 
368,  which  is  constructed"  by  Alvergniat.  T  is  a  tube  which  has  been 
ezbaoBted  as  completely  aa  possible  by  a  Qeissler's  pump.  It  has 
then  been  heated,  and  maintained  for  some  time  near  the  tempera^ 
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ture  of  fusion  of  glass,  in  order  to  produce  absorption  of  the  renuin-       ^ 
ing  air.    Two  platinum  wires  have  been  previous!}'  sealed  in  the  ends 
of  the  tube,  and  approach  within  jj,  of  a  millimetre  of  each  other. 
The  two  poles  of  a  Holtz's  machine  are  connected  with  the  binding-       ' 
screws  B  and  B',  which 
■^   ^  are    in   commnnicatioD       , 

with  tliese  two  wires, 
and  also  with  two  rods 
whose  extremities  pp'      \ 
are  at  a  moderate  strik- 
ing distance  from  each 
other  in  air.     As  long      | 
as  the  machine  works, 
sparks     pass     between 
these  latter,  while,   in      I 
spite  of  the  very  much 
closer  proximity  of  the      . 
platinum  wires,  no  lu-      ' 
minosity  is  perceptible 
between  them.   Instead      i 
of  being  placed  a  small 
distance  apart  in  air,  p 
and  p'  may   be  fitted 
into  the  ends  of  a  tube 
Fi(.  MS.— NonoDiidiMtifit/arPirftctvaiimun.  of  considerable  length 

containing  rarefied  air. 
It  will  be  found  that  discharge  can  take  place  at  greater  distance 
as  the  air  is  more  rarefied,  till  we  attain  a  limit  far  beyond  tiie  reach 
of  ordinary  air-pumps. 

439.  Colour  of  the  Spark. — ^The  colour  of  the  spark  or  other  lumin- 
ous discharge  depends  partly  on  the  material  of  the  condiict«s 
between  which  it  passes,  and  partly  on  the  gaseous  medium  which 
it  traverses.  The  former  influence  predominates  when  the  spark  is 
strong,  the  latter  when  it  is  weak.  The  effect  of  the  metal  seems  to 
depend  upon  the  vaporization  of  a  portion  of  it,  for,  on  examining  the 
spark  by  the  spectroscope,  bright  lines  are  seen  which  are  known  to 
indicate  the  presence  of  metallic  vapour.  For  studying  the  effect  of 
the  gaseous  medium,  the  discharge  is  taken  between  two  platinum 
wires  sealed  into  the  ends  of  glass  tubes,  containing  the  gaaes  in  a 
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i»efied  condition.     The  wires  are  connected  either  with  the  poles  of 

a  Holtz's  machine,  or  of  a  RuhmkorfTs  coil,  which  we  shall  describe 

in  Chap,  lit     It  is  found  that  the  colour  in  air  or  oxygen  is  white 

with  a  tinge  of  blue,  in  nitrogen  blue,  in  hydrogen  red,  and  in 

carbonic  acid  green. 
440.  Hnltiplication  of  the  Eleotrio  Spark. — The  old  eleetricians 

rontrived  several  pieces  of  apparatus  for  multiplying  the  electric 

spark.     The  principle  of  all  is  the  same.     Small  squares  of  tin-foil 

are  arranged  in  series  at  a  small  distance 

from  each  other  on  an  insulating  surface. 

The  first  of  the  series  is  connected  with  a 

metallic  knob  which  can  be  brought  near  the 

electrical  machine;  and  the  last  of  them  is  f 

connected  with  another  knob  which  is  in         fj^ 

commanication  with  the  earth.    By  allowing 

s  discharge  to  pRss  through  the  series,  sparks 

can  be  simultaneously  obtained  at  all  the 

iotervals  between  the  successive  squares. 
In  the  spangled  tvhe  (Fig.  370)  the  squares 

of  tin-foil  are  arranged  spirally  along  a  cylin- 
drical glass  tube  which  has  a  brass  cap  at 

each  end.     One  cap  is  put  in  communication 

with  the  machine,  and  the  other  witli  the 
earth. 

Sometimes  a  glass  globe  is  substituted  for 
the  cylinder.  We  have  thus  the  epangUd 
globe  (Fig.  371). 

Id  the  aparkling  pane  a  long  strip  of 
tin-foil  Is  disposed  in  one  continuous  crooked 
line  (consisting  of  parallel  strips  connected         'f 
ii  alternate  ends)  from  a  knob  at  the  top  to 
inother  knob  at  the  bottom  of  the  pane.    A  Kg.  sw.-Tub. 

,    ,  .  ba  lUnaed  Flf.  SM. 

pattern  is  tben  traced  by  scratching  away         ouk  si>uiki«i  xuba. 

d>e  tin-foil  in  numerous  places  with  a  point, 

uid  when  the  spark  passes,  it  is  seen  at  all  these  places,  so  as  to 
render  the  pattern  luminous  (Fig.  372). 

44t  Physiological  Effeots  of  the  Spark:  Electric  Shook.— When  a 
Bnmg  spark  is  drawn  by  presenting  the  hand  to  the  conductor  of 
» reiy  I^ge  and  poweri'ul  machine,  a  peculiar  sensation  is  experi- 
otced.     With  ordinary  machines  the  same  effect  can  be  obtained  by 
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employing  a  Leydeti  jar.  The  sensation  is  difficult  to  deaoibe,  and 
only  capable  of  being  produced  by  electrical  agency.  It  is  a  painfnl 
shock,  felt  especially  in  the  arm,  and  causing  an  involuntary  bending 
of  the  elbow.  ,     , 

At  the  distance  of  a  few  feet  from  a  machine  in  powerful-  action, 
a  tickling  sensation  is  felt  on  the  exposed  pai-ts  of  the  body,  due  to 
the  movement  of  the  hairs  in  obedience  to  electrical  force.  These 
phenomena  are  exhibited  in  a  still  more  marked  mannet"  when  a 


Fig.  311.— SpanglMI  Olobs,  Fif.  i7i.—SfDtM  Puh.      -     - 

person  stands  on  a  stool  with  gloss  legs,  and  keeps  his  hand  upon 
the  conductor.  He  thus  becomes,  highly  cliarged  with  electricity. 
His  hair  stands  on  end,  and  is  luminous  if  seen  in  the  dark.  If  a 
conductor  connected  with  the  earth  is  presented  to  him,  a  epark 
passes,. and  his  hair  falls  again. 

Electricity  has  frequently  been  resorted  to  for  piedical  .purposes. 
The  electrical  machine  was  first  employed,  and  afterwards  the  Leyden 
jar,  but  both  have  now  been  abandoned  in  favour  of  nut^eto-electric 
machines  and  induction  coils,  which  we  shall  describe  id  a  later 
chapter  (Chap,  lii.) 


PBOPEBTIES  OF  THE  SFABE.  655 

442.  Hechaaioal  and  Phfsinil  Properties  of  the  Sp&rk.—>-The  electric 
^rk  ]»oduces  a  violenb  commotioii  in  the  medium  ia  wbicb  it 
occurs.  This  is  easily  shown  by  means  of  Eonnersley's  tbennometer 
(Fig.  373),  which  conaista  of  two  glass  tubes  of  unequal  diameters, 
the  smaller  being  open  at  the  top,  while  th^  larger- is  completely 
closed,  witb  the  exception  of  a  ride  passage,  by  which  it  eommuni- 
otes  'wiEb  the!  smaller.  The  caps  which  close  the  ends  of  the  large 
tube  are  traversed  by  Tods  terminating  in  knobs,  and  the  upper  one 
can  be  nused  and  lowered  to  vary  the  disttuice  between  the  knobs. 
Both  tubes  are  filled,  to  a  height  a  little  below  the  lower  knob,  witb 
a  very  mobile  liquid  such  as  alcohol.  When  the  spark  passes  between 
the  knobs,  the  liquid  is  projected  witb  great  violence,  and  may  rise 


to  a  height  of  several  yards  if  the  spark  is  very  strong.  The  same 
property  of  the  spark  is  exhibited  in  the  experiment  of  the  electric 
mortar,  which  is  sufficiently  explained  by  the  figure'  (Fig.  374). 

The  spark  may  be  obtained  in  the  interior  of  a  non-conducting 
liquid,  which  it  agitates  in  a  umilar  manner.  If  the  liquid  is  con- 
tained in  a  closed  vessel,  this  is.  often  broken.  The  spark  can  also 
tntverse  thin  non-conducting  plates,  producing  in  this  case  perfora- 
tion of  the  plateq;  but  the  experiment  usually  requires  very  powerful 
discharges,  snch  .as  can  only  be' obtained  by  means  of  apparatus 
described  in  the  next  chapter. 

The  lonuQOBity  of  the  electric  spark  is  probably  due  to  the  very 
h^  temperature  which  is  produced  in  the  particles  traversed  by  the 
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discharge.  Coal-gas  is  easily  inflained,  by  a  person  Etandmg  on  a 
stool  with  glass  legs  holding  one  hand  on  the  conductor  of  tbe 
machine,  and  giving  sparks  from  a  finger  of  the  other  hand  to  the 
burner  from  which  the  gas  is  issuing.  Kinnersley  regarded  elevation 
of  temperature  aa  the  cause  of  the  movement  of  the  liquid  in  hi» 
apparatus ;  hence  the  name  which  it  bears. 

Heating  may  also  occur  in  the  case  of  conductors.  Thb  is  shown 
by  the  influence  of  the  metal  upon  the  colour  of  the  spark,  and  ittuiy 
be  more  directly  proved  by  arranging  a  conductor  in  communicatian 


?>|.  S;E.— TolU'i  FirtoL 

with  the  earth,  and  connected  by  an  exceedingly  fine  metallic  wire 
with  another  conductor.  When  the  latter  is  presented  to  a  very 
powerful  electrical  machine,  so  that  a  strong  spark  passes,  the  fine 
wire  is  sometimes  heated  to  redness. 

443.  Ohemioal  Properties  of  the  Spark. — The  electric  spark  is  Me 
to  produce  very  important  chemical  efiects.  When  it  ocean  in  an 
explosive  mixture  of  two  parts  of  hydrogen  with  one  of  oxygen,  it 
causes  these  gases  instantly  to  combine.  This  experiment  is  usually 
shown  by  means  of  Volta's  pistol  (Fig.  375),  which  is  a  metallic  veael, 
containing  the  mixture,  and  closed  by  a  cork.     Through  one  side 
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puses  an  insulated  metallic  rod  with  a  knob  at  each  end,  that  at  the 
inner  end  being  at  a  short  distance  from  the  opposite  side  of  the 
vessel,  so  that,  if  a  spark  is  given  to  the  exterior  knob,  a  spark  also 
psases  in  the  interior,  and  inflames  the  mixture.  Tliis  effect  is  accom- 
puiied  by  a  violent  detonation,  and  the  cork  is  projected  to  a  dis- 
tiDce. 

The  electric  spark  often  produces  a  reverse  effect — that  is  to  say, 
tbe decomposition  of  a  compound  body;  but  the  action  in  this  case 
>^  gradual,  and  a  great  number  of  sparks  must  be  passed  before  tbe 
fill!  effect  is  obtained.     Thus,  if  a  succession  of  sparks  be  passed  in 


tiieinteriorof  a  mass  of  ammonia,  contained  in  a  vessel  inverted  over 
BwcKiy,  the  volume  of  tbe  gas  is  observed  to  undergo  a  gradual 
"Krease,  until  at  length,  if  kept  at  constant  pressure,  the  volume  is 
eiactly  doubled.  It  then  consists  of  a  mechanical  mixture  of  nitrogen 
^  hydrogen,  the  constituents  of  ammonia 

Composition  and  decomposition  are  often  both  produced  at  once. 
^Qs,  if  a  spark  is  passed  in  a  mixture  of  carburetted  hydrogen  and 
>  certain  proportion  of  oxygen,  the  former  gas  is  decomposed,  its 
''J'lmgen  combining  with  a  portion  of  the  oxygen  to  form  water, 
'"d  ito  carbon  combining  with  another  portion  to  form  carbonic  acid. 
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Vessels  intended  for  taking  the  electric  spark  in  gases  are  ^tensively 
used  in  chemistry,  and  are  called  evdiometera. 

444.  Wind  from  Points. — If  a  metallic  rod  terminating  in  a  point 
be  attached  to  the  conductor  of  the  electrical  machine,  electricity 
escapes  in  large  quantity  from  the  point,  which,  accordingly,  when 
viewed  in  the  dark,  is  seen  to  be  crowned  with  a  tuft  of  light  A 
layer  of  air  in  front  of  the  point  is  electrified  by  contact,  and  then 
repelled^  to  make-  way  for  other  portions  of  air,  which  are  in  their 
turn  repelled.  A,  continuous  current  of  air  is  thus  kept  up,  which  is 
quite  perceptible  to  the  hand,  and  produces  a  very  visible  effect  on 
the  flame  of  a  taper  (Fig.  376). 

The  electric  whirl  (Fig.  377)  consists  of  a  set  of  metaUic  arms, 

radiating  horizontally  from  a  common  centre 
about  which  they  can  turn  freely,  and  bent, 
all  in  the  same  direction,  at  the  ends,  which 
are  pointed.  When  the  central  support  is 
mounted  on  the  conductor  of  the  machine, 
the  arms  revolve  in  a  direction  opposite  to 
that  in  which  their  ends  point  This  effect 
is  due  to  the  mutual  repulsion  between  the 
pointed  ends  and  the  electrified  air  which 
flows  off  from  them. 

It  is  instructive  to  remark  that  if,  by  a 
special  arrangement,  the  rotating  part  be 
inclosed  in  a  well-insulating  glass  case,  the 
rotation  soon  ceases,  because,  in  these  circumstances,  the  inclosed  air 
quickly  attains  a  state  of  permanent  electrification. 

445.  Electric  Watering-pot. — ^Let  a  vessel 
containing  a  liquid,  and  furnished  with  veiy 
fine  discharge  tubes,  be  suspended  from  the 
conductor  of  the  machine.  When  the  vessel 
is  not  electrified^  the  liquid  comes  out  drop 
by  drop;  but  when  the  machine  is  turned, 
it  issues  in  continuous  fine  streams.  It  has, 
however,  been  observed  that  the  quantity 
discharged  in  a  given  time  is  sensibly  the 
same  in  both  cases.  This  most  be  owing 
to  the  equality  of  action  and  reaction  between  different  parts  of  the 
issuing  stream. 


Pig.  377.— Electric  Whirl. 


Fig.  878.— Electric  Bucket. 
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ELBCTRTCAL  POTENTIAL,   AND  LINES  OP  ELECTRIC   FORCE,- 


445  a.  Introductory  Bemarks  on  Potential. — Electrical  reasoniDgs 
are,  in  many  cases,  greatly  facilitated  by  employing  the  conception 
denoted  by  the  name  electrical  'potential. 

Potential  essentially  depends  upon  forces  (whether  attractive  or 
repulsive)  mutually  exerted  upon  each  other  by  particles  at  a  dis- 
tance, and  has  been  advantageously  employed  in  the  theories  of 
gravitation  and  magnetism,  as  well  as  of  electricity.  We  shall  at 
present  confine  our  attention  to  electrical  potential 

All  the  space  in  the  neighbourhood  of  electrified  bodies  is  in  a 
certain  sense  pervaded  by  their  influence.  This  influence  is  com- 
pletely specified  by  stating  the  numerical  values,  with  proper  sign, 
of  electrical  potential,  at  the  different  points  of  the  space. 

Electrical  potential  never  changes  its  value  per  saltum  in  passing 
from  one  point  to  the  next.  Moreover,  if  it  is  constant  in  value 
throughout  any  finite  portion  of  a  space  not  containing  electricity, 
it  is  constant  throughout  the  whole  of  this  space. 

445  b.  Belation  of  Potential  to  Force. — When  electrical  potential  is 
constant  throughout  a  given  space,  there  is  no  electrical  force^  in  that 
space ;  and,  conversely,  if  there  be  an  absence  of  electrical  force  in  a 
g^ven  space,  the  potential  throughout  that  space  must  be  uniform. 
These  propositions  apply  to  the  space  within  a  hollow  conductor. 
They  also  apply  to  the  whole  substance  of  a  solid  conductor,  and  to 

the  whole  space  inclosed  within  the  outer  surface  of  a  hollow  con- 

• 

'  DBPnnTioir. — ^There  is  electrical  force  at  a  point  in  the  air,  if  an  electrified  particle 
pjaoed  there  would  experience  force  tending  to  move  it  in  virtue  of  electrical  attraction  or 
lepnlnon.  There  is  electrical  /orce  at  a  point  in  a  conductor,  when  electricity  flows  through 
tbe  point.  A  conductor  is  said  to  be  in  electrical  equilibrium,  when  there  in  no  electrical 
Imt  at  maj  put  of  it;  in  other  words,  when  it  is  completely  free  from  currents  of  electri- 
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ductor.  Whenever  a  conductor  is  in  electrical  equilibrium,  it  has  the 
same  potential  throughout  the  whole  of  its  substance^  and  also  through 
any  completely  inclosed  hollows  which  it  may  contain. 

When  a  conductor  is  not  in  electrical  equilibrium,  currents  set  in, 
tending  to  restore  equilibrium ;  and  the  direction  of  such  currents  is 
always  from  places  of  higher  to  places  of  lower  potential  In  like 
manner,  when  a  small  positively  electrified  body  experiences  elec- 
trical force  tending  to  move  it,  the  direction  of  this  force  is  from 
higher  to  lower  potential 

When  flow  of  electricity  is  compared  with  flow  of  heat,  potential 
is  the  analogue  of  temperature.  Heat  flows  from  places  of  higher  to 
places  of  lower  temperatura 

The  precise  direction  of  the  force  exerted  upon  a  positively  electri- 
fied particle  (or  upon  an  element  of  positive  electricity),  when  brought 
to  a  place  where  potential  has  not  a  constant  value  fix)m  point  to 
point,  is  the  direction  in  which  potential  diminishes  most  rapidly. 
A  negatively  electrified  particle  (or  an  element  of  negative  electricity) 
will  be  urged  in  the  opposite  direction,  which  is  the  direction  in 
which  potential  increases  most  rapidly.  We  here  use  the  words 
increase  and  decrease  in  the  algebraical  sense. 

445  G.  Line  of  Force. — The  direction  thus  defined  (especially  by  re- 
ference to  the  force  on  the  positive  particle)  is  called  the  direction  oj 
resultant  electrical  force  at  the  point  where  the  particle  is  placed 
If  a  line  be  traced  such  that  every  small  portion  of  it  (small  enough 
to  be  regarded  as  straight)  is  the  direction  of  resultant  electrical  force 
at  the  points  which  lie  upon  it,  it  is  called  a  lin^  of  force;  in  other 
words,  a  line  of  force  is  a  line  whose  tangent  at  any  point  is  the 
direction  of  resultant  electrical  force  at  that  point  We  may  express 
this  briefly  by  saying  that  lines  of  electrical  force  are  ike  lines  along 
which  resultant  electrical  force  acts. 

It  is  evident  that  lines  of  force  cannot  cut  one  another,  since  we 
cannot  have  two  difierent  directions  of  resultant  force  at  a  point. 

445  n.  Intensity  of  Force  is  Equal  to  Bate  of  Variation  of  PotentiaL — 
The  intensity  of  resultant  force  at  a  point  is  equal  to  the  rate  at 
which  potential  diminishes  in  the  direction  in  which  the  diminution 
is  most  rapid,  namely,  along  a  line  of  force  at  the  points  Let  Y  denote 
the  potential  at  the  point,  and  Y—dV  the  potential  at  a  neighbouring 
point  on  the  same  line  of  force,  at  a  distance  is  firom  the  first  point ; 

then  j^  is  the  intensity  of  force  at  either  point,  or,  more  strictly,  is 
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the  average  intensity  along  the  short  line  Zsy  and  the  direction  of  the 
force  (for  a  positive  particle)  is  from  the  first  point  towards  the 
second. 

A  similar  proposition  applies  to  two  neighbouring  points  not 
situated  on  the  same  line  of  force ;  the  component  force*  in  the  direc- 

tion  of  a  line  joining  them,  is  equal  to  -j^,  where  ix  denotes  the 

length  of  the  joining  line,  and  3V  the  difference  of  the  potentials  of 
the  two  pointa  This  proposition  is  usually  expressed  by  saying  that 
the  rate  of  variation  of  potential  in  any  direction  is  equal  to  the 
component  force  in  that  direction. 

445s.  Belation  between  Potential  and  Work. — The  work  done  by 
or  against  electrical  force  in  carrying  a  unit  of  electricity  through 
this  distance  ^x  is  the  product  of  force  by  distance,  and  is  therefore 
simply  8V.  More  generally,  the  work  done  by  or  against  electrical 
force  in  carrying  a  unit  of  electricity  from  one  point  to  another,  is 
equal  to  the  difference  of  potentials  of  the  two  points;  and  the  work 
done  in  carrying  any  quantity  of  electricity  is  the  product  of  this 
quantity  by  the  difference  of  potentials. 

An  analogy  is  thus  suggested  between  different  potentials  and 
different  levels.  Positive  electricity  tends  to  run  down  from  higher 
to  lower  potential,  and,  when  it  does  so  run  down,  there  is  a  loss  of 
potential  energy  equal  to  the  product  of  tlie  quantity  which  runs 
down,  aiid  the  difference  of  potential  through  which  it  runs  down. 
Wlien  the  quantity  which  runs  down  is  unity,  the  loss  of  potential 
energy  is  equal  to  the  loss  of  .potential.  It  is  usual  to  assume,  as 
the  zero  of  potential,  the  potential  of  the  earth  at  the  place  of 
observation;  but  this  assumption  is  not  rigorously  consistent  with 
itaelf,  since  the  existence  of  earth-currents  demonstrates  that  dif- 
ferent potentials  may  exist  at  different  parts  of  the  earth.  Elec- 
trical potential  is  rigorously  zero  at  places  infinitely  distant  from 
all  electricity. 

445  F.  Eqnipotential  Surfaces. — ^An  equipotential  surface  is  a  surface 
ovCT  the  whole  of  which  there  is  the  same  value  of  potential.  It  is 
obvious,  from  the  latter  part  of  §  445  D,  that  there  is  no  tangential 
foree  at  any  point  of  such  a  surfaca  The  direction  of  resultant  force 
IS  everywhere  normal  to  the  surface,  or  equipotential  surfaces  evei^- 
^Aere  cut  lines  offeree  at  right  angles.  An  equipotential  surface  is 
vhe  analogue  of  a  level  surface.  If  two  equipotential  surfaces  are 
grreD,  their  potentials  being  V^  and  Vj,  the  work  done  in  carrying 

87 
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a  unit  of  electricity  from  any  point  of  the  one  to  any  point  of  the 
other,  is  constant,  and  equal  to  the  diflFerence  of  Vi  and  Vj. 

If  we  consider  two  equipotential  surfaces  very  near  to  one  another, 
80  that  the  portions  which  they  intercept  on  the  lines  of  force  may 
be  regarded  as  straight,  the  intensity  of  force  at  different  points  of 
the  intermediate  space  will  vary  inversely  as  the  distance  between 
the  two  equipotential  surfaces;  for,  when  equal  amounts  of  work  are 
done  in  travelling  unequal  distances,  the  forces  must  be  inversely  as 
the  distances. 

445  0.  Tubes  of  Force. — If  we  conceive  a  narrow  tube  bounded  on 
all  sides  by  lines  of  force,  and  call  it  a  tube  of  force,  we  can  lay  down 
the  following  remarkable  rules^  for  the  comparison  of  the  forces  which 
exist  at  different  points  in  its  length.  (1)  In  any  portion  of  a  tube 
of  force  not  containing  electricity,  the  intensity  of  force  varies 
inversely  as  the  cross-section  of  the  tube,  or  the  product  of  intensity 
of  force  by  section  of  tube,  is  constant.*  (2)  When  a  tube  of  force 
cuts  through  electHcity,  this  product  changes,  from  one  side  of  Ms 
electricity  to  the  other,  by  the  amount  4nrq,  where  q  denotes  the 
quantity  of  the  electricity  inclosed  by  the  tube. 

The  following  are  particular  cases  of  (1) : — 

When  the  electricity  to  which  the  force  is  due  is  collected  in  a 
point,  the  lines  of  force  are  straight,  the  tubes  of  force  are  cones  (in 
the  most  geneml  sense),  and  the  law  of  force  becomes  the  law  of 
inverse  squares,  since  the  section  of  a  cone  varies  as  the  square  of  the 
distance  from  the  vertex.  These  results  also  apply  to  the  case  of 
electricity  uniformly  distributed  over  the  surface  of  a  sphere,  the 
common  vertex  of  the  cones  being  now  at  the  centre  of  the  sphere. 

When  the  electricity  consists  of  the  charges  of  two  oppositely 
electrified  parallel  plates,  whose  length  and  breadth  exceed  the  dis- 
tance between  them  (the  plates  being  conductors,  and  placed  opposite 
to  each  other),  the  lines  of  force  between  their  central  portions  are 
sensibly  straight  and  parallel,  the  tubes  of  force  are  therefore  cylin- 
ders (in  the  most  general  sense),  and  the  force  is  constant,  being  equal 
to  the  difference  of  the  potentials  of  the  plates  divided  by  the  dis- 

^  For  the  proof  of  these  rules,  as  mathematical  dedadions  from  the  law  of  inTene  aquffea, 
see  Thomson  and  Tait's  Natural  Philosophy,  §§  490,  492. 

'  This  is  obviously  analogous  to  the  law  which  applies  to  the  comparison  of  the  velocitiea 
of  a  liquid  in  different  parts  of  a  tube  through  which  it  flows,  sonoe  the  product  of  area  bj 
velocity  is  the  volume  of  liquid  which  flows  past  any  section  in  unit  time.  The  tube  may 
be  an  imaginary  one,  bounded  by  lines  of  flow  in  a  large  body  of  liquid  fio^ng  ateadily 
Lines  of  flow  are  thus  the  analogues  of  lines  of  force. 
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tance  between  them.  The  same  thing  holds  if,  instead  of  being 
oppositely  electrified,  the  plates  are  similarly  electrified,  but  not  to 
the  same  potential 

445  H.  Force  Proportional  to  Number  of  Tubes  which  cut  Unit  Area. 
—The  cross-sections  of  tubes  of  force  are  portions  of  equipotential 
surfaces.  If  one  equipotential  surface  be  divided  into  portions,  such 
that  the  product  of  area  hy  force-intensity  shall  be  the  same  for  all, 
then,  if  all  neighbouring  space  not  containing  electricity  be  cut  up 
into  tubes,  springing  from  these  portions  as  their  respective  bases, 
the  product  of  any  cross-section  of  any  one  of  these  tubes  by  the 
force-intensity  over  it  will  be  constant.  The  force-intensities  at  any 
points  in  this  space  are  therefore  inversely  as  the  cross-sections  of  the 
tubes  at  these  points,  or  are  directly  as  the  number  of  tubes  per  unit 
area  of  equipotential  surfaces  at  the  points. 

445  r.  Force  just  Outside  an  Electrified  Conductor. — Since  there  is 
no  force  in  the  interior  of  a  conductor,  the  lines  and  tubes  of  force 
become  indeterminate;  but  proposition  (2)  of  §  445 G  can  be  shown 
to  hold  when  we  give  them  any  shape  not  discontinuous.  Let  p 
denote  the  electric  density  at  a  point  on  the  surface,  and  a  a  small 
area  around  this  point,  which  area  we  shall  regard  as  a  section  of  a 
tube  of  force  cutting  through  the  surface.  Let  F  denote  intensity  of 
force  just  outside  the  surface  opposite  this  point,  then,  since  the 
intensity  inside  is  zero,  we  have 

Fa  =  iirj  =  4ir/)a    .'.Fs^ir/^; 

that  IS,  the  intensity  of  force  just  outside  any  part  of  the  surface  of 
a  charged  conductor,  is  equal  to  the  product  of  4in  into  the  density 
at  the  nearest  part  of  the  surface. 

445  J.  Relation  of  Induction  to  Lines  and  Tubes  of  Force. — Lines  of 
force  are  also  the  lines  along  which  induction  takes  place.  On 
Faraday's  theory  of  induction  by  contiguous  particles,  the  line  of 
}K>1^,  for  any  particle,  is  coincident  with  the  line  of  force  which 
passes  through  the  particle.  Apart  from  all  theory,  it  is  matter  of 
&ci  that  a  tube  of  force  extending  from  an  influenxiing  to  an 
hfluenced  conductor^  and  not  containing  any  electricity  in  the 
intertxil  between,  has  equal  quantities  of  electricity  on  its  two  ends, 
these  grtantities  being  of  opposite  sign.  This  equality  follows  at 
once  from  §  445  G  (2),  if  we  consider  the  tube  as  penetrating  the  two 
5&nductorB ;  for  the  product  of  force  by  section,  which  is  constant  for 
Oae  portion  of  the  tube  in  air,  is  zero  in  both  conductors;  and  the 
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quantity  of  electricity  on  either  end  of  the  tube  must  be  the  quotient 
of  this  constant  product  by  4ir.  In  connection  with  this  reasoning, 
it  is  to  be  remarked  that  the  surface  of  a  conductor  is  an  eqnipoten- 
tial  surface,  and  is  cut  at  right  angles  by  lines  of  force. 

In  Faraday's  ice-pail  experiment,  a  tube  of  force  springing  from 
the  upper  side  of  the  charged  ball,  and  of  such  small  section  at  its 
origin  as  to  inclose  only  an  insensible  fraction  of  the  charge  of  the 
ball,  opens  out  so  fast,  as  it  advances,  that  it  fills  the  whole  opening 
at  the  top  of  the  paiL 

In  every  case  of  induction,  the  total  qiua/ritiiies  of  indudnig  aid 
induced  electricity  are  equal,  and  of  opposite  sign. 

When  the  inducing  electricity  resides  in  or  upon  a  non-conductor, 
for  example  on  the  surface  of  a  glass  rod,  or  in  the  substance  of  a 
mass  of  air,  the  quantity  of  electricity  induced  on  the  base  of  a  tube 
of  force  is  equal  and  opposite  to  the  quantity  contained  within  the 
tube.  In  the  simplest  case,  all  the  tubes  will  have  a  common  apex, 
which  will  be  a  point  of  maximum  or  minimum  potentiaL 

445 X.  Potential  defined  as  2^. 

r 

The  resultant  potential  at  a  point,  due  to  several  different  quan- 
tities of  electricity,  is  the  algebraical  sum  of  the  potentials  due  to  the 
different  quantities  separately  considered  This  would  follow  at  onoe 
from  the  relation  above  indicated  as  existing  between  potential  and 
work. 

If  the  unit  of  quantity  of  electricity  be  defined  as  that  quantity 
which,  at  unit  distance,  produces  unit  intensity  of  force,  it  can  be 
shown  ^  that  the  whole  work  done  by  or  against  the  force  of  an 
element  g,  in  bringing  a  unit  of  electricity  from  infinite  distance  to 

a  point  at  a  distance  r  from  the  element,  is  j.     This  expression 

therefore  denotes  the  potential  due  to  q  at  the  distance  r,  if  w^  adopt 
the  very  natural  convention  that  the  potential  at  infinite  distance 
shall  be  reckoned  zero. 

The  resultant  potential  at  a  point,  due  to  the  presence  of  any 
quantity  of  electricity  distributed  in  any  way,  is  to  be  computed  by 
dividing  the  electricity  into  elements,  each  occupying  so  little  space 
that  all  parts  of  it  may  be  regarded  as  at  the  same  distance  from  the 

point,  and  summing  all  the  quotients  ~.  The  distances  denoted  by  r 
are  essentially  positive.     If  the  electricity  is  not  all  of  one  sign,  some 

*"  See  Thornton  and  Tait,  §  491,  fizst  pangnph. 
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of  the  quotients  j  will  be  positive,  and  others  negative,  and  their 

algebraical  sum  is  to  be  taken. 

445 1.  Application  to  Sphere. — In  the  case  of  a  charged  conducting 
sphere,  all  the  elements  q  are  equally  distant  from  the  centre  of  the 

sphere,  and  the  sum  of  the  quotients  ~,  when  we  are  computing  the 

potential  at  the  centre,  will  be  ^,  Q  denoting  the  charge,  and  R  the 

radius  of  the  sphere.     But  the  potential  is  the  same  at  all  points  in 

a  conductor.     ^  is  therefore  the  potential  of  a  sphere  of  radius  R, 

with  charge  Q,  when  uninfluenced  by  any  other  electricity  than  its 
own, 

445k.  Capacity. — The  electrical  capacity  of  a  conductor  is  the  quam- 
tity  of  electricity  required  to  charge  it  to  unit  potential,  when  it  is 
not  influenced  by  any  other  electricity  besides  its  own  charge  and 
the  electricity  which  this  induces  in  neighbouring  conductors.  Or, 
since,  in  these  circumstances,  potential  varies  directly  as  charge, 
capacity  may  be  defined  as  the  quotient  of  charge  by  potential.  Let 
C  denote  capacity,  V  potential,  and  Q  charge,  then  we  have 

C  =  §      ;      v=g       ;      Q  =  VC. 

But  we  have  seen  that,  for  a  sphere  of  radius  R,  at  a  distance  from 
other  conductors  or  charged  bodies,  V  =  ^,     Hence  C=R;  that  is, 

the  capacity  of  a  sphere  is  nv/merically  equal  to  its  radius. 

This  is  a  particular  instance  of  the  general  proposition  that  the 
capacities  of  similar  conductors  are  as  their  linear  dimensions;  which 
may  be  proved  as  follows: — 

Let  the  linear  dimensions  of  two  similar  conductors  be  as  1  :  n. 
Divide  their  surfaces  similarly  into  very  small  elements,  which  will 
of  coarse  be  equal  in  number.  Then  the  areas  of  corresponding 
elements  will  be  as  1  :  Ti^,  and,  if  the  electrical  densities  at  cor- 
rEsponding  points  be  as  1  :  a;,  the  charges  on  corresponding  elements 
are  as  1  i  n^x.     The  potential  at  any  selected  point  of  either  con- 

ioctor  is  the  sum  of  such  terms  as  |-  (§  445  K).  Selecting  the  cor- 
responding point  in  the  other  conductor,  and  comparing  potentials, 
ihe  values  of  q  are  as  1  :  n^x,  and  the  values  of  r  are  as  1  :  ti  ;  there- 

fepre  the  values  of  -^  are  as  1  :  nac.  Hence  the  potentials  of  the  two 
condactors  are  asl  :  nx.    If  they  are  equal,  we  have  nx=l,  and 
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therefore  n^x^n;  that  is,  the  charges  on  corresponding  elements^ 
and  therefore  also  on  the  whole  surfaces,  are  as  1  :  ti. 

We  shall  see,  in  the  chapter  on  Condensers,  that  the  capacity  of  a 
conductor  may  be  greatly  increased  by  bringing  it  near  to  another 
conductor  connected  with  the  earth. 

445  N.  Connection  between  Potential  and  Induced  Distribution.— In 
the  circumstances  represented  in  Fig.  336  (§  412),  if  we  suppose  the 
influencing  body  C  to  be  positively  charged,  the  potential  due  to  this 
charge  will  be  algebraically  greater  at  the  near  end  A  of  the  in- 
fluenced conductor  than  at  the  remote  end  B.  The  induced  electri- 
city on  AB  must  be  so  distributed  as  to  balance  this  difference,  in 
fact  the  potential  due  to  this  induced  electricity  is  negative  at  A  and 
positive  at  B.  All  cases  of  induced  electricity  upon  condnctois  fall 
under  the  rule  that  the  potential  at  all  parts  of  a  conohictor  must  be 
the  same,  and  hence,  wherever  the  potential  dive  to  the  inflv^ncivg 
electricity  is  algebraically  greatest,  the  potential  due  to  the  electricity 
on  the  ivfiuenced  conductor  must  he  algebraically  least. 

As  there  can  be  no  force  in  the  interior  of  a  conductor,  the  force 
at  any  point  in  the  interior,  due  to  the  influencing  electricity,  must 
be  equal  and  opposite  to  the  force  due  to  the  electricity  on  the  sur- 
face of  the  conductor.  This  holds,  whether  the  conductor  be  solid  or 
hollow.  A  hollow  conductor  thus  completely  screens  from  external 
electrical  forces  all  bodies  placed  in  its  interior. 

446 0.  Electrical  Images. — If  a  very  large  plane  sheet  of  conducting 
material  be  connected  with  the  earth,  and  an  electrified  body  be 
placed  in  front  of  it  near  its  middle,  the  plate  will  completely  screen 
all  bodies  behind  it  from  the  force  due  to  the  electiified  body.     The 
induced  electricity  on  the  plate  therefore  exerts,  at  all  points  behind 
the  plate,  a  force  equal  and  opposite  to  that  of  the  electrified  body, 
or,  what  is  the  same  thing,  a  force  identical  with  that  which  the 
electrified  body  would  exert  if  its  electricity  were  reversed  in  sign. 
But  electricity  distributed  over  a  plane  surface  must  act  symmetri- 
cally towards  both  sides.     Hence  the  force  which  the  induced  electri- 
city exerts  in  front,  is  identical  with  that  which  would  be  exerted  by 
a  body  precisely  similar  to  the  given  electrical  body,  symmetrically 
placed  behind  the  plane,  and  charged  with  the  opposite  electricity. 
The  total  force  at  any  point  in  front  of  the  plane  is  the  resultant  of  the 
force  due  to  the  given  electrified  body,  and  the  force  due  to  this  ima- 
ginary image.    The  name  and  the  idea  of  electrical  images,  of  which 
this  is  one  of  the  simplest  examples,  are  due  to  Sir  W.  Thomson. 


CHAPTER    XL. 


ELECTRICAL  CONDENSERS. 


45 P.  Condensers. — ^The  process  called  condenacUion  of  electricity 
3ists  in  increasing  the  capacity  of  a  conductor  by  bringing  near 
nother  conductor  connected  with  the  earth.  The  two  conductors 
usually  thin  plates  or  sheets  of  metal,  placed  parallel  to  one 
iher,  with  a  larg«^r  plate  of  non-conducting  material  between 
a. 

3t  A  and  B  (Fig.  379)  be  the  two  conducting  plates,  of  which  A, 
d  the  collecting  plate,  is  connected  ^ 

the  conductor  of  the  machine,  and 
lied  the  condemsing  plate,  with  the 
[ ;  and  let  C  be  the  non-conducting 

(or  dielectric)  which  separates  them. 
,  if  the  machine  has  been  turned 
tlie  limit  of  charge  is  attained,  the 
;e  of  B  which  faces  towards  A  is 
ed  with  negative  electricity,  drawn 
the  earth,  and  held  by  the  attrac- 
F  the  positive  electricity  of  A ;  and, 
rsely,  the  surface  of  A  which  faces 
Js  B,  is  covered  with  positive  elec- 
,  held  there  by  the  attraction  of  the 
ve  of  B,  in  addition  to  the  charge 

would  reside  upon  it  if  the  conductor  were  at  the  existing 
zal,  and  B  and  C  were  absent     In  fact,  the  electrical  density 

face  of  A,  as  well  as  the  whole  charge  of  A,  would,  in  this 
I,  be  almost  inappreciable,  in  comparison  with  those  which 
the  actual  circumstances.     By  condensation  of  electricity, 
are  to  understand  increase — usually  enormous  increase — 


Fig.  879.~Tlieoretical  Condanaer. 
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of  electrical  density  on  a  given  surface,  oMained  withaui  increoK 
of  potential  If  two  conducting  plates,  in  other  respects  alike,  but 
one  with,  and  the  other  without  a  condensing  plate,  be  connected  by 
a  wire,  and  the  whole  system  be  electrified,  the  two  plates  will  have 
the  same  potential,  but  nearly  the  whole  of  the  charge  will  reside 
upon  the  face  of  that  which  is  accompanied  by  a  condensing  plate. 

445  a.  Calculation  of  Capacity  of  Condenser. — ^The  lines  of  force 
between  the  two  plates  A  and  B  are  everywhere  sensibly  straight 
and  perpendicular  to  the  plates,  with  the  exception  of  a  very  small 
space  round  the  edge,  which  may  be  neglected.  The  tubes  of  force 
(§  445  g)  are  therefore  cylinders,  and  the  intensity  of  force  is  con- 
stant at  all  parts  of  their  length.  Also,  since  the  potential  of  tbe 
plate  B  is  zero,  if  we  take  Y  to  denote  the  potential  of  the  plate  A, 
which  is  the  same  as  the  potential  of  the  conductor,  and  t  to  denote 
the  thickness  of  the  intervening  plate  C,  the  rate  at  which  potential 

varies  along  a  line  of  force  is  j,  which  is  therefore  (§  445  d)  the 

expression  for  the  force  at  any  point  between  the  plates  A,  R  The 
whole  space  between  the  plates  may  be  regarded  as  one  cylindrical 
tube  of  force  of  cross-section  S  equal  to  the  area  of  either  plate,  tbe 
two  ends  of  the  tube  being  the  inner  faces  of  the  plates.  The  quan- 
tities of  electricity  +  Q  residing  on  these  faces  are  therefore  equal, 
but  of  opposite  sign  C§  445  j);  and  as  the  force  changes  from  nothing 

to  y  in  passing  from  one  side  to  the  other  of  the  electricity  which 
resides  on  either  of  these  surfaces,  we  have  (§  445  g) 

t  ^ 

Hence  the  capacity  of  the  plate  A,  being,  by  definition,  equal  to  ^. 

is  equal  to 

S 

We  should,  however,  explain  that,  if  the  intervening  plate  C  is  a  solid 
or  liquid,  we  are  to  understand  by  t  not  the  simple  thickness,  but  the 
thickness  reduced  to  an  equivalent  of  air,  in  a  sense  which  will  be 
explained  further  on  (§  453).  This  reduced  thickness  is,  in  the  case 
of  glass,  about  half  the  actual  thickness. 

If  8  denote  an  element  of  area  of  A,  and  q  the  charge  residing 
upon  it,  it  is  evident,  from  considering  the  tube  of  force  which  has  s 
for  one  of  its  ends,  that 
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ind  the  electric  density  '  on  the  element  i8  equal  to  j^^  ,  which  is 
constant  over  the  whole  face  of  the  plate. 

To  give  a  rough  idea  of  the  increase  of  capacity  obtained  by  the 
employment  of  a  condensiug  plate,  let  us  compare  the  capacity  of  a 
drcular  dlac  of  10  inclies  diameter,  accompanied  by  a  condensing 
pUte  at  a  reduced  distance  of  j^  of  an  inch,  with  the  capacity  of  a 
globe  of  the  same  diameter  as  the  disa  The  capacity  of  the  globe 
is  equal  to  its  radius,  and  may  therefore  be  denoted  by  5.  The 
capacity  of  the  disc  is  ^^  J,  =  1 25,  or  25  times  the  capacity  of  the 
globe  It  is,  in  feet,  the  same  aa  the  capacity  of  a  "lobe  250  inches 
(or  20  ft  10  in.)  in  diameter. 

446.  Dischar^  of  Condflnser. — If,  by  means  of  a  jointed  brass  dis- 
liarger  (Tig.  380)  with  knobs  M  N  at  the  ends,  and  with  glass 


N 


Vtg.  no.— niiohuj*  of  CfHuunHT.  Fig.  BSl.— niKihujar  vlUwnt  Hudlei. 

Undies,  we  put  the  two  plates  A  and  B  in  communication,  a  brilliant 
spark  is  obtained,  resulting  from  the  combination  of  the  positive 
cbai^  of  A  with  the  negative  of  B,  and  the  condeneer  is  discharged. 
When  the  quantity  of  electricity  is  small,  the  glass  handles  are  un- 
necessary, and  the  simpler  apparatus  represented  in  Fig.  38]  may  be 
naployed,  consisting  simply  of  two  brass  rods  jointed  together,  and 
with  knobs  at  their  ends,  care  being  taken  to  touch  the  plate  B, 
which  ia  in  communication  with  the  earth,  before  the  other.  The 
opostor  will  then  experience  no  shock,  as  the  electricity  passes  in 
preference  throngb  the  brass  rods,  which  are  much  better  conductors 
than  the   human  body.     If,  however,  the  operator  discharges  the 
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condenBer  with  his  hands  by  touching  first  the  plate  B,  and  then  also 
the  plate  A,  the  whole  discharge  takes  place  through  his  arms  and 
chest,  and  he  experiences  a  severe  shock.  If  he  simply  touches  the 
plate  A,  while  B  remains  connected  with  the  earth  by  a  chain,  as  in 
Fig.  370,  he  receives  a  shock,  but  less  violent  than  before,  because 
the  discharge  has  now  to  pass  through  external  bodies  which  cod- 
Bume  a  portion  of  its  enei^y.  If,  instead  of  a  chain,  B  is  connected 
with  the  earth  by  the  hand  of  an  assistant  touching  it,  he  too  will 
receive  a  shock  when  the  operator  touches  A. 

447.  DiBOOvery  of  Canens. — The  invention  of  the  Leyden  jar  was 
bronght  about  by  a  shock  accidentally  obtained.     Some  time  in  the 


Fif-  38X. — SEpaimant  ot  CuDfliu. 

year  1746,  Cuneus,  a  pupil  of  Muschenbroeck,  an  eminent  phDosopIjer 
of  Leyden,  wishing  to  electrify  water,  employed  for  this  purpose  a 
wide-mouthed  fiask,  which  he  held  in  his  band,  while  a  chain  from 
the  conductor  of  the  machine  dipped  in  the  water  (Fig,  382),  When 
the  experiment  had  been  going  on  for  some  time,  he  wished  to  dis- 
connect the  water  from  the  machine,  and  for  this  purpose  was  about 
to  lift  out  the  chain ;  but,  on  touching  the  chain,  he  experienced  a 
fihock,  which  gave  him  the  utmost  consternation,  and  made  him  let 
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fill  the  flask.  He  took  two  daya  to  recover  himself  and  wrote  to 
Reaumur  that  he  would  not  expose  himself  to  a  second  shock  for  the 
cromi  of  France.  The  news  of  this  extraordinary  experiment  spread 
over  Europe  with  the  rapidity  of  lightning,  and  it  was  eagerly 
npeated  everywhere.  Improvements  were  soon  introduced  in  the 
amngement  of  the  flask  and  its  coDteats,  until  it  took  the  present 
fonn  of  the  Leyden  Pkial  or  Leyden  Jar.  It  is  easy  to  see  that  the 
effect  obtained  by  Cuneus  depended  on  condensation  of  electricity, 
the  water  in  the  vessel  serving  as  the  collecting  plate,  the  hand  as 
condensing  plate,  and  the  vessel  itself  as  the  dielectric.  When  he 
ioncbed  the  chain,  the  two  oppositely  chai:ged  conductors  were  put 
in  communication  through  the  operator'a  body,  and  he  received  a 
shock. 
448.  Leyden  Jar. — The  Leyden  jar,  as  now  usually  constructed, 


Fif.  3SS.— Ij^dn  Ju.  Fig,  3S4.— Dbohkrgs  of  Lgjdsii  Jir. 

consists  of  a  glass  jar  coated,  both  inside  and  out,  with  tin-foil,  for 
»boat  four-fifths  of  its  height  The  mouth  is  closed  by  a  cork, 
brongh  which  passes  a  metallic  rod,  terminating  above  in  a  knob. 
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and  connected  below  with  the  inner  coating,  either  by  a  chain  de- 
pending from  it,  or  by  pieces  of  metallic  foil  with  which  the  jar  k 
filled.  The  interior  of  the  jar  must  be  thoroughly  dry  before  it  is 
closed,  and  the  cork  and  neck  are  usually  covered  with  sealing-wax, 
and  shellac  varnish,  which  is  less  hygroscopic  than  glass. ,  The  Leyden 
jar  is  obviously  a  condenser,  its  two  coatings  of  tin-foil  performing 
the  parts  of  a  collecting  plate  and  a  condensing  plate.  If  the  inner 
coating  is  connected  with  the  electrical  machine,  and  the  outer  coat- 
ing with  the  earth,  the  former  acquires  a  positive,  and  the  latter  a 
negative  charge.  On  connecting  them  by  a  discharger,  as  in  Rg. 
384,  a  spark  is  obtained,  whose  power  depends  on  the  potential  of 
the  inner  coating,  and  on  its  electrical  capacity.  If  these  be  denoted 
respectively  by  V  and  C,  and  if  Q  denote  the  quantity  of  electricity 
residing  on  either  coating,  the  amount  of  electrical  energy  which  runs 
down  and  undergoes  transformation  when  the  jar  is  discharged,  is 

The  quantities  Q,  V,  C,  which  are,  properly  speaking,  the  chai^, 
potential,  and  capacity  of  the  in7ier  coating,  are  usually  called  the 
charge,  potential,  and  capacity  of  the  jar. 

449.  Besidual  Charge. — When  a  Leyden  jar  has  been  discharged 
by  connecting  its  two  coatings,  if  we  wait  a  short  time  we  can  obtain 
another  but  much  smaller  spark  by  again  connecting  them,  and  other 
sparks  may  sometimes  be  obtained  after  further  intervals.    These  are 
called  secondary  discharges,  and  the  electricity  which  thus  remains 
after  the  first  discharge  is  called  the  residual  charge,     Faraday  s 
experiments  leave  little  room  for  doubt  that  they  depend  mainly 
upon  a  gradual  penetration  of  electricity  from  both  sides  into  the 
substance  of  the  glass,  to  a  very  small  depth,  but  sufficient  to  prevent 
the  electricity  which  has  so  entered  from  at  once  escaping  to  the 
earth  when  connection  is  made.    Faraday  appeals  to  this  phenomenon 
as  strongly  confirming  his  view  that  the  difference  between  con- 
ductors and  non-conductors  is  only  one  of  degree,  this  penetration 
being  only  an  extremely  slow  process  of  conduction.     A  small  part 
of  the  residual  charge  also  consists  of  electricity  spread  over  the  sur- 
face of  the  glass  beyond  the  edges  of  the  coatings. 

The  whole  charge  of  the  outer  coating,  and  all  except  an  insigni- 
ficant portion  of  the  charge  of  the  inner  coating,  resides  on  the  side 
of  the  foil  which  is  in  contact  with  the  glass,  or,  more  probably, 
on  the  surfaces  of  the  glass  itself,  the  mutual  attraction  of  the  two 


DISCHARGE  BY  ALTERNATE  CONTACTS.  573 

opposite  eleetricitiea  causing  them  to  approach  as  near  to  each  other 
M  the  glass  will  permit.  This  is  illustrated  by  Franklin's  experi- 
ment of  the  jar  -with  movable  coatvngs  (Fig.  385).  The  jar  is  charged 
in  the  ordinary  way,  and  placed  on  an  insulating 
stand.  The  inner  coating  is  then  lifled  out  by  a 
glass  hook,  and  touched  with  the  hand  to  dia- 
eharge  it  of  any  electricity  which  it  may  retain. 
The  glass  is  then  liiled  out,  and  the  outer  coating 
list)  discbai^ed.  The  jar  is  then  put  together 
igain,  and  is  found  to  give  nearly  as  strong  a 
Kpark  as  it  would  have  given  originally. 

490.  ZHschai^  by  .Alternate  Contacts. — In- 
Btead  "of  discharging  a  Leyden  jar  at  once  by 
conoectiDg  its  two  coatings,  we  may  gradually  Ig — -pi 

discbarge  it  by  alternate  contacts.     To  do  this, 
ve  must  set  it  on  an  insulating  stand  (or  other- 
vise  insulate  both  coatings  from  the  earth),  and 
then  toach  the  two  coatings  alternately.     At 
every  contact  a  small  spark  will  be  drawn.   The 
eoating  last  touched  has  always  rather  less  elec-        "*:  '^:~J"^^ 
tridtyupon  it  than  the,  other,  but  the  difference 
is  an  exceedingly  small  fraction  of  the  whole  charge,  and,  atler  a 
great  number  of  sparks  faave  been  drawn  by  these  alternate  con- 
tacts, we  may  still  obtain  a  powerful  discharge  by  connecting  the 
two  coatings. 

The  quantities  of  electricity  thus  alternately  discharged  from  the 
two  coatings  form  two  decreasing  geometric  series,  one  for  each 
eoafang.  In  fact,  if  m  and  m'  be  two  proper  fractions  such  that, 
when  the  outer  coating  is  connected  with  the  earth,  the  ratio  of  its 
charge  to  that  of  the  inner  is  — m;  and,  when  the  inner  coating  is 
connected  with  the  earth,  the  ratio  of  its  charge  to  that  of  the  outer 
is  —m',  we  have  the  following  series  of  values: — 

On  IbiuT  oofetlng.  On  (Hit«  coating. 

OrigiTud  duugea, +  Q  "■             -  m  Q 

After  in  oonUot,       .     .     .     .     +  ra'in  Q  ...             ~  m  Q 

2d +  m'tu  Q  ...             -  nfm*  Q 

8d      „         +  m"  m'  Q  ...             -  m'm'  Q 

The  qaantities  discharged  from  the  inner  coating  are,  successively 
'.l—m'm)  Q  ,  in'm  (1— m'm)  Q  ,  m''m'  (1— m'm)  Q,  &c.;  and  the 
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quantities  successively  discbar^d  from  the  outer,  neglecting  sign, 
are,  m  {1— m'm)  Q  ,  m'm>  (1— m'm)  Q,  m.''m»  (1— m'm)  Q,  &c 

The  quantity  (1— m'm)  Q  discharged  at  the  first  contact,  repr&- 
senta  that  portion  of  the  charge^  which  is  not  due  to  condensation;  bo 
that  the  actual  capacity  of  the  Leyden  jar  is  to  the  capacity  of  the 
inner  coating  if  left  to  itself  as  1  :  1— m'm. 

The  discharge  by  alternate  contacts  can  be  efiected  by  means  of  & 
carrier  suspended  between  two  bells,  as  in  Fig.  386.  The  rod  from 
the  inner  coating  ter- 
minates in  a  bell,  and 
the  outer  coating  ia 
connected,  by  means 
of  an  arm  of  tin,  with 
another  bell  supported 
on  a  metallic  column. 
An  insulated  metallic 
ball  is  suspended  be- 
tween the  two.  This 
is  first  attracted  by  the 
positive  belL  Then, 
being  r^>elled  by  the 
and  attracted  by  the 
other,  it  carries  its 
charge  of  positive  elec- 
Fi|.  sse.— Aitem&ta  Diwhaigt.  tricity  to  the  n^atlve 

bell,  and  receives  a 
charge  of  negative,  which  it  carries  to  the  positive  bell,  and  so  on 
alternately.  The  whole  apparatus  stands  upon  an  insulating  support 
It  is  not,  however,  necessary  that  the  carrier  should  be  insulated 
fi~om  the  earth,  but  it  must  be  insulated  from  both  coatings. 

4S1,  Condensing  Power. — By  the  condensing  power  of  a  given 
arrangement  is  meant  the  ratio  in  which  the  capacity  of  the 
collecting  plate  is  increased  by  the  presence  of  the  condenmng  plat«, 
which  ratio,  as  we  liave  seen  in  last  section,  is  equal  to  the  frac- 
tion ^_^,^ .  Riess  haa  investigated  its  amount  experimentally  under 
varying  conditions,  by  means  of  the  apparatus  represented  in  Fig. 
387,  which  is  a  modification  of  the  condenser  of  ^pinus.     It  consiaU 

'  This  portdon  of  the  original  charge  ia  uud  to  be  fret,  and  the  ramiinii^  portion  to  be 
6DHni^  diititnataUd,  or  latent.     Theee  tenns  are  applicable  to  bU  cue*  of  condeiuatioo. 
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of  two  metallic  plates  A  and  B,  supported  on  glass  pillars,  and 
travelliDg  on  a  rail,  so  that  they  can  be  adjusted  at  different  distances. 
Between  tbem  is  a  large  glass  plate  C.  A  is  charged  from  the 
inachine,  B  being  at  the  same  time  touched  to  connect  it  with  the 
ground.     The  electrical  density  on  the  anterior  face  of  A  was  ob- 
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served  by  means  of  Coulomb's  proof-plane  and  torsion-balance. 
Riess'  experiments  are  completely  in  agreement  with  the  theory  laid 
'Jown  in  the  preceding  sections  of  this  chapter;  for  example,  he  found, 
unoDg  other  results,  that  the  condensing  power  was  independent  of 
the  absolute  charge,  and  that  it  varied  nearly  in  the  inverse  ratio  of  • 
the  distance. 

45S.  Influence  of  th«  Dielectric— Faraday  discovered  that  the 
uDoant  of  condensation  obtained  in  given  positions  of  the  two  con- 
dncting  plates,  depended  upon  the  material  of  the  int&rvemtig  non- 
conductor or  dielectric.  The  annexed  figure  (Fig.  388)  represents  a 
iDodifica.tion  of  one  of  Faraday's  experiments.  A  is  an  insulated 
metallic  disc,  with  a  charge,  which  we  will  suppose  to  be  positive. 
B  and  C  are  two  other  insulated  metallic  discs  at  equal  distances 
&om  A,  each  having  a  small  electric  pendulum  suspended  at  its  back. 
Let  B  and  C  be  touched  with  the  hand ;  they  will  become  negatively 
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electrified  by  induction,  but  their  negative  electricity  will  reside  only 
on  their  aides  which  face  towards  A,  and  the  pendulums  will  hang 
vertically.  If,  while  matters  are  in  this  condition,  we  move  B  Dearer 
to  A,  we  shall  see  both  tlie  pendulums  diverge,  and,  on  testing,  we 

shall  find  that  the  pendulum  B       I 

II  diverges  with  positive,  and  C  witb 

II  negative  electricity.     The  reason 

jja         ||\  is  obvious.    The  approach  of  S  to      | 

/  I  J     I  \  A  causes  increased  induction  be- 

•  ^1     '  tweeti  them,  so  that  more  n^lire 

is  drawn  to  the  face  of  B,  and  , 
positive  is  driven  to  its  hack;  st 
the  aame  time  the  symmetrical 
distribution  of  electricity  on  A  is 
dkturbed,  a  portion  being  accu-  i 
mulated  on  the  side  next  B  at  the 
expense  of  the  side  next  G.  Tlie 
H».»8e.-ch»-«.ofDirtu«.  inductive  action  of  A  upon  C  is 

thus  diminished,  and  a  portioD  of 
the  negative  charge  of  C  is  left  free  to  spread  itself  over  the  bacV, 
and  affect  the  pith-ball 

If,  while  the  discs  are  in  tbeir  initial  position,  B  and  C  being  equi- 
distant from  A,  and  the  pendulums  vertical,  we  interpose  betweeo 
B  and  A  a  plate  of  sulphur,  shellac,  or  any  other  good  insulator,  the 
same  effect  will  be  produced  as  if  B  bad  heen  brought  nearer  to  A 
We  see,  then,  that  the  insnlating  plate  of  a  condensing  arrangement 
serves  not  only  to  prevent  discharge,  but  also  to  increase  the  induc- 
tive action  and  consequent  condensation,  as  compared  with  a  layer 
of  air  of  the  same  thickness ;  inductive  action  through  a  plate  of 
sulphur  or  shellac  of  given  thickness,  is  the  same  as  tbrou^  a  thinner 
plat«  of  air.  The  numbers  in  the  subjoined  table  denote  the  thick- 
ness of  each  material  which  is  equivalent  to  unit  thickness  of  air. 
For  example,  the  mutual  induction  through  2-24  inches  of  sulphur 
is  the  same  as  through  1  inch  of  air.     These  numbers  are  called 


SraciFto  IiTDUcnn  Cif  AcirtEa. 


Air  ot  any  g«i, 
SpemuKeti, 
GlM,     .     .    . 


The  quotient  of  the  actual  thickness  of  the  plate  by  the  Bpecific 
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inductive  capacity  of  its  material  niaj  appropriately  be  called  the 
thidmeaa  reduced  to  its  eguivcdent  of  air,  or  simply  the  reduced 
thidcnesa. 

494.  Tanday'B  DetenninatiooB. — Faraday,  to  whom  the  name  and 
discovery  of  specific  inductive  capacity  are  due,  operated  by  com* 
pariog  the  capacities  of  condensers,  alike  in  all  other  respects,  but 
difiering  in  the  materials  employed  as  dielectrics.     One  of  his  con- 
densers is  represented  in  Fig.  389.     It  is  a  kind  of  Leyden  jar, 
containing  a  metallic  sphere  A,  attached  to 
tiie  rod  M,  and  forming  with  it  the  inner 
conductor.    The  outer  conductor  consista  of 
tbe  hollow  sphere  B,  divided  into  two  hemi- 
spheres which  can  be  detached  from  each 
other.    Tbe  interval  between  the  outer  and 
inner  conductor  caa  be  filled,  either  with  a 
cake  of  solid  non-conducting  material,  or 
with  gas,  which  can  be  introduced  by  means 
fd  the  cock  R.     Tbe  method  of  observation 
and  reduction  will  be  best  understood  from 
an  example. 

The  interval  being  occupied  by  air,  the 
apparatus  was  changed,  and  a  carrier-ball, 
having  been  made  to  touch  the  summit  of 
the  knob  M,  was  introduced  into  a  Coulomb's 
toraion-balance,  and  found  to  be  charged 
with  a  quantity  of  electricity  represented  by  250°  of  torsion.  When 
the  second  apparatus  was  precisely  similar  to  the  first,  it  was  found 
that,  on  contact  of  the  two  knobs,  the  charge  divided  itself  equally, 
and  the  carrier-ball,  if  applied  to  either  knob,  took  a  charge  repre- 
sented very  nearly  by  125°. 

The  conditions  were  then  changed  in  the  following  way.  The  first 
j^r  still  containing  air,  the  interval  between  the  two  conductors  in 
tbe  second  was  filled  with  shellac.  It  was  then  found  that  tbe  air- 
jar,  being  charged  to  290^  was  reduced,  by  contact  of  its  knob  with 
that  of  tbe  sbelUfr-jar,  to  114°,  thus  losing  176°.  If  no  allowance  be 
naade  for  dissipatioD,  the  capatities  of  the  air-jar  and  sbellac-air  would 
therefore  be  as  114  :  176,  or  as  1  :  1-94,  and  the  spedfic  indncUve 
cspadty  of  shellac  would  be  1-54. 

450.  Polarisation  of  the  Dlelaotrie. — As  the  interposed  noo-con- 
dnctor,  or  dielectric,  modifies  the  mutoal  action  of  tiie  two  electri- 
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cities  which  it  separates,  and  does  not  play  the  mere  passive  part 
which  was  attributed  to  it  before  Faraday's  experiments,  it  is  natural 
to  conclude  that  the  dielectric  must  itself  experience  a  peculiar 
modification.  According  to  Faraday,  this  modification  consiflts  in 
a  polarization  of  its  particles,  which  act  inductively  upon  each  other 
along  the  lines  of  force^  and  have  each  a  positive  and  a  negative  side, 
the  positive  side  of  each  facing  the  negative  side  of  the  next  This 
polarization  is  capable  of  being  sustained  for  a  great  length  of  time 
in  good  non-conductors ;  but  in  good  conductors  it  instantly  leads  to 
discharge  between  successive  particles,  and  the  opposite  electricities 
appear  only  at  the  two  surfaces. 

The  polarization  of  dielectrics  is  clearly  shown  in  the  following 
experiment  In  a  glass  vessel  (Fig.  390)  is  placed  oil  of  turpentine, 
containing  filaments  of  silk  2  or  3  millimetres  long.  Two  metallic 
rods,  A,  B,  each  terminating  within  in  a  point,  are  connected,  one 


Fig.  890.— Polarization  of  DieleofcrlOL 


with  the  ground,  and  the  other  with  an  electric  machina  On  ^work- 
ing the  machine,  the  little  filaments  are  seen  to  arrange  themselves 
in  a  line  between  the  points,  and,  on  endeavouring  to  break  the  line 
with  a  glass  rod,  it  will  be  found  that  they  return  to  this  position 
with  considerable  pertinacity.  On  stopping  the  machine,  they  imme- 
diately fall  to  the  bottom. 

An  experiment  of  Matteucci's  demonstrates  this  polarization  still 
more  directly.  A  number  of  thin  plates  of  mica  are  pressed  strongly 
together  between  two  metallic  plates.  One  of  the  metallic  plates  is 
charged,  while  the  other  is  connected  with  the  ground;  and,  on 
removing  the  metallic  plates  by  insulating  handles,  it  is  found  that 
all  the  mica  plates  are  polarized,  the  face  turned  towards  the  positive 
metal  plate  being  covered  with  positive  electricity,  and  the  otlier  &ce 
with  negative. 

4S9.  Limit  to  Thinness  of  Interposed  Plate. — ^We  have  seen  (§  445  q) 
that  the  capacity  of  a  condenser  varies  inversely  as  the  diatanoe 
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between  the  collecting  and  the  condensing  plate.  But  if  this  dis- 
tance is  very  small,  the  resistance  of  the  inter])Osed  dielectric  (which 
yaries  directly  as  its  thickness)  may  be  insufficient  to  prevent  dis- 
charge, and  it  will  not  be  practicable  to  establish  a  great  difference 
of  potential  between  the  two  plates.  We  may  practically  distinguish 
two  sorts  of  condensers,  one  sort  having  a  very  thin  dielectric  and 
very  great  condensing  power,  but  only  capable  of  being  charged  to 
feeble^  potential;  the  other  having  a  dielectric  thick  enough  to  resist 
the  highest  tensions  attainable  by  the  electrical  machina  The 
Leyden  jar  comes  under  the  second  category.  The  first  includes  the 
electarophorus  (except  in  so  £90*  as  its  action  is  aided  by  the  metallic 
sole),  and  the  condenser  of  Yolta's  electroscope. 

460.  Volta's  Condensing  Electroscope. — ^This  instrument,  which  has 
rendered  very  important  services  to  the  science  of  electricity,  differs 
from  the  simple  gold-leaf  electro- 
scope previously  described  (§  415), 
in  having  at  its  top  two  metal  plates, 
of  'vrbich  the  lower  one  is  connected 
with  the  gold-leaves^  and  is  covered 
on  its  upper  face  with  insulating  var- 
nishy  -while  the  upper  is  varnished  on 
its  loveer  face,  and  furnished  with  a 
glass  handle.  These  two  plates  con- 
stitute the  condenser.  In  using  the 
instmment,  one  of  the  twa  plates  (it 
matters  not  which)  is  charged  by 
means  of  the  body  to  be  tested, 
while  the  other  is  connected  with 
the  earth.  They  thus  receive  oppo- 
site and  sensibly  equal  charges.   The 

izj^)er  phfcte  is  then  lifted  off,  and  the  higher  it  is  raised  the  wider 
do  the  gold-leaves  diverge.  The  separation  of  the  plates  dimin- 
ishes the  capacity,  and  strengthens  the  potential  of  both,  one 
beoonuDg  more  strongly  positive,  and  the  other  more  strongly 
negative.  This  involves  increase  of  potential  energy,  which  is 
represented  by  the  amount  of  work  done  against  electrical  attrac- 


Fig.  391. — Condflnsing  ElectztMooptt. 


potential  is  potential  differing  Tery  much  from  zero  either  positively  or  nega- 
FeMe  potential  is  potential  not  differing  moch  from  zero.  Temion  is  measured 
of  potential;  and  when  the  earth  is  one  of  the  terms  of  the  comparison,  tension 
identical  with  potential. 
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tion  ia  separating  the  plates.  No  increase  ia  quantity  of  electricity 
is  produced  by  the  separataon ;  hence  the  instrument  is  chiefly  ser- 
viceable in  detecting  the  presence  of  electricity  which  is  available  m 
lai^  quantity  but  at  weak  potentiaL  The  glass  handle  of  the  npper 
plate  is  by  no  means  essential,  as  it  is  only  necessary  that  the  loirer 
plate  should  be  insulated.  The  charge  may  be  given  by  induction; 
in  Trhich  case  one  plate  must  be  connected  with  the  earth  while  the 
inducing  body  is  held  near  it,  and  the  other  plate  must  be  kept  con- 
nected with  the  earth  while  the  influencing  body  is  withdrawn. 
The  plates  will  then  be  left  charged  with  opponte  electricities,  that 
which  was  more  remote  Irom  the  influenang  body  having  acquired 
a  charge  similar  to  that  of  the  body.  For  inductive  charges,  bow- 
ever,  the  condensing  arrangement  serves  no  useful  purpose,  beyond 
enabling  the  electroscope  to  retain  its  charge  for  a  longer  time,  the 


Fig.  Ml.— Buttn?  tl  IiqrdMi  Jan. 


effect  Snally  obtained  on  separating  the  plates  being  no  greater  than 
would  have  been  obtained  by  employing  only  the  lower  plat& 

461.  Leydea  Battery. — The  Leyden  battery  consists  of  a  uumber  of 
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Leyden  jare,  placed  in  compartoiQQts  of  a  box  lined  with  tio-fbil, 
which  serves  to  establish  good  connection  between  tbeir  outer  coat- 
JLga,  while  their  inner  coatings  are  connected  by  brass  rods.  It  is 
aiiTisahla  that  the  onter  coatings  should  have  very  free  commnnica- 
tion  with  the  e&rtK  For  this  purpose  a  metallic  handle,  which  is  in 
metallic  communication  with  the  lining  of  the  box,  shonld  be  con- 
nected, by  means  of  a  chain,  with  the  gas  or  wat«r  pipes  of  the 
building. 
The  capacity  of  a  Leyd«n  batteiy  is  the  sum  of  the  capacities  of 


— Liaht«nb«rt'i  Flguna 


ars  -which  compose  it  The  charge  is  given  in  the  ordinary  way, 
>Emecting  the  inner  coatings  with  the  conductor  of  the  machine. 
id    -weather  this  is  usually  a  very  difficult  operation,  on  account 
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of  the  large  quantity  of  electricity  required  for  a  full  charge,  and  the 
large  surface  from  which  dissipation  goes  on« 

Holtz's  machine  can  be  very  advantageously  employed  for  chargmg 
a  battery,  one  of  its  poles  being  connected  with  the  inner,  and  the 
other  with  the  outer  coatings.  In  dry  weather  it  gives  the  charge 
with  surprising  quickness. 

462.  Lichtenberg's  Figures. — ^An  interesting  experiment  devised  by 
Lichtenberg  serves  to  illustrate  the  difference  between  the  physical 
properties  of  positive  and  negative  electricity. 

A  Leyden  jar  is  charged,  and  the  operator,  holding  it  by  the  outer 
coating,  traces  a  design  with  the  knob  on  a  plate  of  shellac  or  vul- 
canite.    He  then  places  the  jar  on  an  insulating  stand,  to  enable  him 
to  transfer  his  hold  to  the  knob,  and  traces  another  pattern  on  the 
cake  with  the  outer  coating.     A  mixture  of  flowers  of  sulphur  and 
red-lead,  which  has  previously  been  well  dried  and  shaken  together, 
is  then  sprinkled  over  the  cake.     The  sulphur,  having  become  nega- 
tively electrified  by  friction  with  the  red-lead,  adheres  to  the  pattern 
which  was  traced  with  positive  electricity,  while  the  red-lead  adheres 
to  the  other.     The  yellow  and  red  colours  render  the  patterns  very 
conspicuous.     The  particles  of  sulphur  (represented  by  the  inner 
pattern  in  Fig.  393)  arrange  themselves  in  branching  lines,  while  the 
red-lead  (shown  in  the  outer  pattern)  forms  circular  spots;  whence 
it  would  appear  that  positive  electricity  travels  along  the  surface 
more  easily  than  negative.     A  similar  difference  has  already  been 
pointed  out  between  positive  and  negative  brushes. 


CHAPTER    XU. 


EFFECTS  FBODUCED  BT  THE  DISCHABQE  OF  COHDEKSXBS. 


46S.  Diseharffe  of  Batteries. — The  effects  produced  by  the  diacbarge 
of  &  Leyden  jar  or  battery  differ  only  in  d^ree  from  tbose  of  an 
ordinary  electric  spark.  The  ehock,  which  is  smart  even  with  a  small 
jar,  becomes  formidable  with  a  large  jar,  and  still  more  with  a  battery 
of  jars. 

If  a  shock  is  ^ven  to  a  number  of  persons  at  once,  they  must 
form  a  chain  by  holding  hands.     The  person  at  one  end  of  the  chain 


tit-  aw— CoUAd  Fua. 

most  place  his  hand  on  the  outer  coating  of  a  charged  jar,  and  the 
person  at  the  other  end  must  touch  the  kuob.  The  shock  will  be 
lelt  by  all  at  once,  but  somewhat  less  severely  by  those  in  the  centre. 
The  coated  pane,  represented  in  Fig.  391,  is  simply  a  condenser, 
cuuisting  of  a  pane  of  glass,  coated  on  both  sides,  in  its  central  por- 
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tion,  with  tin-foil.  Its  lower  coating  ia  connected  with  the  earth  by 
a  chain,  and  a  charge  is  given  to  ita  upper  coating  hj  the  mscfaioe. 
When  it  is  chai^d,  if  a  person  endeavours  to  take  up  a  coin  laid 
upon  its  upper  face,  he  will  experience  a  shock  as  soon  as  his  hand 
comes  near  it,  which  will  produce  involuntary  contraction  of  his  arm, 
and  prevent  him  from  taking  hold  of  the  coin. 

464.  Heating*  of  Hetallio  Threads.— The  discharge  of  electricity 
through  a  conducting  system  produces  elevation  of  temperature,  the 
amount  of  heat  generated  being  the  equivalent  of  the  potential 
energy  which  runs  down  in  the  discharge,  and  which  is  jointly  pro- 
portional to  quantity  of  electricity  and  difference  of  potential  The 
incandescence  of  a  fine  metallic  thread  can  be  easily  produced  by  the 
discharge  of  a  battery.  The  thread  should  be  made  to  connect  the 
knobs  a  6  of  an  apparatus  called  a  universal  discharger;  these  knobs 


Flf.  3».— UslTtnil  Ditduupr. 

being  the  extremities  of  two  metallic  arms  supported  on  glass  stems. 
One  of  the  arms  is  connected  with  the  external  sur&ce  of  the  battery, 
and  the  other  arm  is  then  brought  into  connection  with  the  internal 
surface  by  means  of  a  discharger  with  glass  handles.  At  the  instant 
of  the  spark  passing,  the  thread  becomes  red-hot,  melts,  bums,  or 
volatilizes,  leaving,  in  the  latter  ca«es,  a  coloured  streak  on  a  ^eet 
of  paper  c  placed  behind  it.  When  the  thread  ia  of  gold,  this  streak 
is  purple,  and  exactly  resembles  the  marks  left  on  walls  when  bell- 
pulls  containing  gilt  thread  are  struck  by  lightning. 

46S.  Electric  Portrait. — The  volatilization  of  gold  is  employed  in 
producing  what  are  called  electric  portraits.     The  outline  of  a  por- 
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tnit  of  Franklin  ia  executed  in  a  thin  card  by  cutting  awaj  narrow 
strips.  Two  Bbeets  of  tin-foil  are  gummed  to  oppoedte  edges  of  the 
card,  which  ia  then  laid  between  a  gold-leaf  and  another  card.  The 
whole  ia  then  placed  in  a  preea  (Fig.  396),  the  tin-foil  being  allowed 


to  protrude,  and  strong  pressure  ia  applied.  The  press  ia  placed 
on  the  table  of  the  universal  discharger,  and  the  two  knoba  of  the 
latter  are  connected  with  the 
two  sheets  of  tin-foil  The 
dischai^e  is  then  passed,  the 
gold  is  volatilized,  and  the 
vapour,  passing  through  the 
^ts  to  the  white  card  at  the 
back,  leaves  purple  traces 
which  reproduce  the  design. 
466.  Velocity  of  Electri- 
ei^. — Soon  after  the  in- 
vention of  the  Leyden  jar, 
varioQS  attempts  were  made 
to  determine  the  velocity 
with   which   the  discbarge 

travels  through  a  conductor  Wf.  »»7.— AnrnDgemmt  for  Portalt. 

cmnecting  the  two  coat- 
ings. Wateon,  about  1748,  took  two  iron  wires,  each  more  than  a 
mik  long,  which  he  arranged  on  insulating  supports  in  such  a  way 
that  all  four  ends  were  near  together.  He  held  one  end  of  each  wire 
in  his  bands,  while  the  other  ends  were  connected  with  the  two  coat- 
ingB  of  a  charged  jar.  Although  the  electricity  had  more  than  a  mile 
to  travel  along  each  wire  before  it  could  reach  his  hands,  he  could 
sever  detect  any  interval  of  time  between  the  passage  of  the  spark 
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from  the  knob  of  the  jar  and  the  shock  which  he  felt     The  velocity 
'was  in  fact  far  too  great  to  be  thus  measured. 

Wheatstone,  about  1836,  investigated  the  subject  with  the  aid  of 
the  revolving  mirror  of  which  we  have  spoken  above  (§  437).  He 
connected  the  two  coatings  of  a  Lejden  jar  by  means  of  a  conductor 
which  had  breaks  in  three  places,  thus  giving  rise  to  three  sparks. 
When  the  sparks  were  taken  in  front  of  the  revolving  mirror,  the 
positions  of  the  images  indicated  a  retardation  of  the  middle  spark, 
as  compared  with  the  other  two,  which  were  taken  near  the  two 
coatings  of  the  jar,  and  were  strictly  simultaneous.  The  middle 
break  was  separated  from  each  of  the  other  two  by  a  quarter  of  a 
mile  of  copper  wire.    He  calculated  that  the  retardation  of  the  middle 

spark  was  ^  ^52  000  ^^  ^  second,  which  was  therefore  the  time  occupied 

in  travelling  through  a  quarter  of  mile  of  copper  wire.  This  is  at  the 
rate  of  288,000  miles  per  second,  a  greater  vdocity  than  that  of  lights 
which  is  only  about  184,000  miles  per  second. 

Since  the  introduction  of  electric  telegraphs,  several  observations 
have  been  taken  on  the  time  required  for  the  transmission  of  a  signal 
For  instance,  trials  in  Queenstown  harbour,  in  July,  1856,  when  tiie 
two  portions  of  the  first  Atlantic  cable,  on  board  the  Agairiemfnon 
and  Niagara,  were  for  the  first  time  joined  into  one  conductor,  2500 
miles  long,  gave  about  If  seconds  as  the  time  of  transmission  of  a 
signal  from  induction  coils,  corresponding  to  a  velocity  of  only 
1400  miles  per  second.  In  1858,  before  again  proceeding  to  sea,  a 
quicker  and  more  sensitive  receiving  instrument — ^Thomson's  minoi 
galvanometer — ^gave  a  sensible  indication  of  rising  current  at  one  end 
of  3000  miles  of  cable  about  a  second  after  the  application  of  a 
Daniell's  battery  at  the  other. 

It  seems  to  be  fully  established  by  experiment  that  electricity  haf 
no  definite  velocity,  and  that  its  apparent  velocity  depends  upon 
various  circumstances,  being  greater  through  a  short  than,  through 
a  long  line,  greater  (in  a  long  line)  with  the  greater  intensity  and 
suddenness  of  the  source,  greater  with  a  copper  than  with  an  iron 
wire,  and  much  greater  in  a  wire  suspended  in  air  on  poles  than  in 
one  surrounded  by  gutta-percha  and  iron  sheathing,  and  buried  under 
ground  or  under  water.  In  a  long  submarine  line,  a  short  sharp 
signal  sent  in  at  one  end,  comes  out  at  the  other  as  a  signal  gradually 
increasing  from  nothing  to  a  maximum,  and  then  gradually  dying 
away. 
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-For  quantitative  experiments  on   the  efTects  of 
unit-jar  has  frequently  been  employed.     One  of  its 
.ed  in  Fig,  398.     It  consiats  of  a  very  small  Leyden 
>  knobs  a,  b,  one  connected  Tritb  eacb  coating,  the 
them  being  adjustable  by  means  of  a  sliding  rod. 
tiarge  given  to  a  jar  or  battery,  the  latter  is  placed 
ig  sup- 
iting  is 
lie  con- 
lacfaine, 
tting  ia 
e  inner 
init-jar. 
;  of  the 
in  con- 
ground. 

line    is'  Fig. sm.— Vnitju. 

ass  be- 

each  spark  being  produced  by  the  escape  of  a 
of  electricity  from  the  outer  coating  of  the  bat- 
ting the  addition  of  a  definite  amount  to  the 
ler  coating.     The  charge  is  measured  by  counting 

lodified  the  arrangement  by  insulating  the  unit-jar 
bery.  One  coating  of  bis  unit-jar  is  connected  with 
■he  other  with  the  conductor  of  the  machina  The 
ves  its  charge  through  the  unit-jar*  by  a  succession 
ween  the  knobs  a,  b,  each  representing  a  definite 
icity. 

ants,  as  far  aa  their  measuring  power  is  concerned, 
!  assumption  that  discharge  between  two  given 
given  relative  position,  involves  the  transfer  of  a 
of  electricity.  This  assumption  implies  a  constant 
atmosphere.  It  may  be  nearly  fulfilled  during  a 
time  in  one  day,  but  is  not  true  from  one  day  to 
er,  it  is  to  be  remembered  that,  as  dissipation  is 
on,  the  actual  charge  in  the  battery  at  any  time 
easured  charge  which  it  has  received. 

;  migbt  hmve  been  described  b^  wjinK  thkt  the  outtr  coaling  of  tbe 
rtiTe  char^  from  tin  outh  through  the  auit-jar. 
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468.  Meohanioal  Effects. — The  effects  of  discbai^  tiiroagh  bad 
conductors  are  illustrated  by  several  weU-known  experiments. 

1 .  Puncture  of  card.  A  card  is  placed  (Fig.  399)  between  two  pwnto 
connected  with  two  conductors  which  are  insulated  from  oneimother 
by  means  of  a  glass  stem.  The  lower  conductor  having  been  cod- 
nected  with  the  outer  coating  of  a  Leyden  jar  which  is  held  in  the 
hand,  the  knob  of  the  jar  is  brought  near  the  upper  (inductor.  A 
spark  passes,  and  another  spark  at  the  same  instant  passes  between 
the  two  points,  and  punctures  the  card.    In  performing  this  experi- 


ment it  is  observed  that,  if  the  points  are  not  opposite  each  other, 
the  perforation  is  close  to  the  negative  point.  This  want  of  symmetty 
appears  to  be  due  to  the  properties  of  the  ajr.  When  ttrrangementa 
are  made  for  exhausting  the  air,  it  is  found  that,  as  the  deiudfy  of 
the  air  is  diminished,  the  perforation  takes  place  nearer  to  the  centre. 

The  piercing  of  a  card  can  very  easily  be  effected  by  Holti's 
machine.  Its  two  conductors  are  connected  with  the  two  coatings 
of  a  small  Leyden  jar.  The  discharges  between  the  poles  will  then 
consist  of  powerful  detonating  sparks  in  rapid  successioD ;  and  if  a 
sheet  of  paper  or  card  be  interposed,  every  spark  will  poncton  a 
rainute  hole  in  it 

2.  Per/oration  of  glass.     To  effect  the  perforation  of  glass,  a  pane 
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ied  on-  one  end  of  a  glass  cylinder  in  whose  axis 
I  rod  terminating  in  a  point  which  juat  touches  the 
ointed  rod  exactly  over  this,  and  insulated  from  it, 
t  touches  the  upper  face  of  the  pane.  A  powerful 
len  jar  or  battery  is  passed  between  the  two  points, 
ment  succeeds,  a  hole  is  produced  by  pulverization 


Fig.  <00.  -runotun  of  Glue 

t  sometimes  fails,  by  discharge  taking  place  round 
;lass  instead  of  through  its  substance.  To  prevent 
is  placed  on  the  upper  face  of  the  pane  at  the  point 
to  be  made;  but  this  precaution  does  not  always 
1,  when  the  experiment  has  once  failed,  it  is  useless 
th  the  same  piece  of  glass,  for  the  electricity  is  sure 
course  which  the  first  discharge  has  marked  out 

of  Mines. — If  a  strongly  charged  Leyden  jar  be 
ians  of  a  jointed  discharger  which  has  one  of  its 
ntix  gun-cotton,  when  the  spark  passes  between 
knob,  the  gun-cotton  will  be  infiamed.     Ordinaiy 
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cottoD  mixed  with  powdered  resin  can  be  kindled   in  the  same 
way. 

A  similar  arrangement  is  oflen  used  for  exploding  mines.  A  fuse 
is  employed  containing  two  wires  embedded  in  gntta-percha,  but  «ith 
their  ends  unprotected  and  near  together.    One  of  these  wiiea  is 


connected  with  the  outer  coating  of  a  condenser,  and  the  other  is 
brought  into  communication  with  the  inner  coating.  The  discharge 
is  thus  made  to  pass  between  the  ends  within  the  fuse,  and  to  ignite 
a  veiy  inflammable  compound  by  which  they  are  surrounded.  Some- 
times one  of  the  wires,  instead  of  being  connected  with  the  outer 
coating,  is  connected  with  the  earth  by  means  of  a  boried  wire. 


CHAPTER    XLI*. 


ELECTBOMETEBa 


469a.  Objeet  of  Electrometers. — Electrometers  are  instruments  for 
the  measurement  of  differences  of  electrical  potential.  The  gold-leaf 
electroscope,  the  straw-electroscope,  and  other  instruments  of  the 
same  type,  afford  rough  indications  of  the  difference  of  potential 
between  the  diverging  bodies  and  the  air  of  the  apartment,  and  more 
measurable  indications  are  given  by  the  electrometers  of  Peltier  and 
DeUmann;  but  none  of  these  instruments  are  at  all  comparable  in 
precision  to  the  various  electrometers  which  have  been  invented  from 
time  to  time  by  Sir  Wm.  Thomson. 

469b.  Attracted-diso  Electrometers^  or  Trap-door  Electrometers. — 
We  shall  first  describe  what  Sir  Wm.  Thomson  calls  '' Attracted-disc 
Electrometers."  These  instruments,  one  of  which  is  represented  in 
Figs.  401  Ay  401 B,  contain  two  parallel  discs  of  brass  g,  h,  with  an 
aperture  in  the  centre  of  one  of  them,  nearly  filled  up  by  a  light 
trap-door  of  aluminium  /,  which  is  supported  in  such  a  way  as  to 
admit  of  its  electrical  attraction  towards  the  other  disc  being  resisted 
by  a  mechanical  force  which  can  be  varied  at  pleasure.  The  trap- 
door and  the  perforated  plate  surrounding  it  must  have  their  faces 
as  nearly  as  possible  in  one  plane  when  the  observation  is  taken,  and, 
aa  they  are  electrically  connected,  they  may  then  be  regarded  as 
forming  one  disc  of  which  a  small  central  area  is  movable.  There 
U  always  attraction  between  the  two  parallel  discs,  except  when 
tbeyare  at  the  same  potential 

Let  their  potentials  be  denoted  by  Y  and  Y',  the  electrical  densi- 
ties on  ibeir  faces  by  p  and  p\  and  their  mutual  distance  by  D.  We 
We  seen  (§  445  Q)  that,  in  such  circumstances,  p  and  p  are  constant 
'except  near  the  edges  of  the  discs),  opposite  in  sign,  and  equal,  and 
that  the  intensity  of  force  in  the  space  between  them  is  everywhere 
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the  same,  and  equal  at  once  to      -p     and  to  4«-p.    This  force  » 

jointly  due  to  attraction  by  one  plate  and  repulsion  by  the  other, 
each  of  these  having  the  intensity  2  t  p,  or  half  the  total  intensity. 

Let  A  denote  the  area  of  the  trap-door.  The  quantity  of  electricity 
upon  it  will  be  p  A,  and  the  force  of  attraction  which  this  experiences 
will  bepA  X  29rp  =  2»p«A,  which  we  shall  denote  by  F.  Thea 
from  the  equations 

we  find,  by  eliminating  p, 

469  c.  Absolute  Electrometer. — In  the  absolute  electrometer,  which 
somewhat  resembles  Fig.  401b  turned  upside  down,  the  force  of 
electrical  attraction  on  the  trap-door  is  measured  by  direct  com- 
parison with  the  gravitating  force  of  known  weights.  This  is  done 
by  first  observing  what  weights  must  be  placed  on  the  trap-door  to 
bring  it  into  position  when  no  electrical  force  acts  (the  plates  being 
electrically  connected),  and  by  then  removing  the  weights,  allowing 
electrical  force  to  act,  and  adjusting  the  plates  at  such  a  distance  from 
one  another,  by  the  aid  of  a  micrometer  screw,  that  the  trap-door 
shall  again  be  brought  into  position.  Then,  in  equation  (2),  F,  A 
and  D  are  known,  and  the  ditference  of  potentials  V— V  can  be 
determined.  In  the  absolute  electrometer,  the  perforated  disc  h  is 
uppermost,  so  that  the  direction  of  electrical  attraction  on  the  trap- 
door is  similar  to  the  direction  of  the  gravitating  force  of  the  wdghts. 
The  reverse  arrangement  is  usually  adopted  in  the  portable  electro- 
meter, which  we  shall  next  describe.  In  both  instruments,  the  trap- 
door constitutes  one  end  of  a  very  light  lever  fi  I  of  aluminimn, 
balanced  on  a  horizontal  axis. 

469  D.  Portable  Electrometer. — In  the  portable  electrometer  (Figs. 
401  A,  401  b)  this  axis  passes  very  accurately  through  the  centre  of 
gravity  of  the  lever,  the  suspension  being  effected  by  means  of  a  fine 
platinum  wire  ww  tightly  stretched,  which  is  secured  at  its  centre 
to  the  lever  in  such  a  manner  that,  when  the  trap-door  comes  into 
position,  the  wire  is  under  torsion  tending  to  draw  back  the  disc 
from  the  attracting  plate  g.  This  torsion  (except  in  so  far  as  it  is 
affected  by  causes  of  error  such  as  temperature  and  gradual  loss  of 
elasticity)  is  always  the  same  when  the  disc  is  in  position,  and  as  it 


'^ 
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is  to  be  balanced  in  every  observation  by  electrical  attraction,  tlie 
latter  must  also  be  always  the  same ;  that  is  to  say,  the  quantity  F 
id  equations  (2)  is  constant  for  all  observations  with  the  same  instru- 
ment; whence  it  is  obvious  that  V — V  is  directly  proportional  to  D, 
the  distance  betweea  the  plates.  The  observation  for  difference  of 
potential  therefore  consists  in  altering  this  distance  until  the  trap- 
door comes  into  position.     This  is  done  by  turning  the  micrometer 


Fi(.  toil — ParUble  Eltctiometor.  Fig.  tota.— PinUd  Din*. 

*rew,  by  means  of  the  milled  head  m.  The  divided  circle  of  the 
3^icrometer  indicates  the  amount  of  turning  for  small  distances,  and 
»hole  revolutions  are  read  off  on  the  vertical  scale  traversed  by 
the  index  carried  by  the  arm  d.  The  correct  position  is  very 
accurately  identified  by  means  of  two  sights,  one  of  them  being 
utached  to  a  fixed  portion  of  the  insti-ument,  and  the  other  to  one 
Mti  I  of  the  lever.  One  of  these  sights  moves  up  and  down  close 
in  front  of  the  other,  and  they  are  viewed  through  a  lens  o  in 
^t  of  both.  This  arrangement  is  also  adopted  in  the  absolute 
electrometer. 
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One  of  the  two  parallel  plates  A  is  connected  with  the  inner  coati- 
ing  of  ft  Leyden  jar,'  which,  being  kept  dry  within  by  meaoB  of 
pumice  j>  wetted  with  sulphuric  acid,  retains  a  sufficient  charge  for 
some  weeka  The  other  plate  g  is  in  communication,  by  meaaB  of 
the  spiral  wii-e  r,  with  the  insulated  umbrella  c,  which  can  be  con- 
nected with  any  external  conductor;  and,  in  order  to  determine  the 
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potential  of  any  conductor  which  we  wish  to  examine,  two  observa- 
tions are  taken,  one  of  them  giving  the  difference  of  potential 
between  this  conductor  and  the  Leyden  jar,  and  the  other  the  dif-  ■ 
ference  between  the  earth  and  the  jar.     We  thus  obtaiD,  by  subtrac- 

'  "the  uw  of  the  Lej^len  jar  a  to  gite  conetancj  of  potenUoI.  Iti  capacity  ia  «o  much 
greater  than  that  of  the  disc  nith  which  it  ii  connected  that  the  electricity  ivhich  enters 
or  leaTes  the  latter  in  coneequence  of  the  inductive  action  of  the  other  diac  is  no  sensible 
fraction  of  ite  whole  chat^e,  and  produceB  no  sensible  change  in  its  potential.  Its  greaA 
capacity  in  compariBon  with  the  extent  of  auifaoe  eipoeed  likewise  tenda  to  prevent 
rapid  low  of  potential  by  disaipation  of  charge. 
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tion,  the  difference  of  potential  between  the  conductor  in  question 
and  the  earth. 

469  E.  Quadrant  Electrometer. — ^The  most  sensitive  instrument  yet 
invented  for  the  measurement  of  electrical  potential  is  the  quadrant 
electrometer,  which  is  represented  in  front  view  in  Fig.  401  c,  some 
of  its  principal  parts  being  shown  on  a  larger  scale  in  Figs.  401 D, 

In  this  instrument,  the  part  whose  movements  give  the  indica- 
tions is  a  thin  flat  piece  of  aluminium  u,  narrow  in  the  middle  and 
broader  towards  the  ends,  but  with  all  comers  rounded  off     This 
piece,  which  is  called  the  Tieedle,  and  is  represented  by  the  dotted 
line  in  Fig.  401 D,  is  inclosed   almost 
completely  in  what  may  be  described 
as  a  shallow  cylindrical  box  of  brass, 
cat  into  four  quadrants,  c,  d,  dd!.  These 
parts  are  shown  in  plan  in  Fig.  401 D, 
and  in  front  view  in  Fig.  401  c.    The 
needle  u  is  attached  to  a  stiff  platinum 
wire,  which  is  supported  by  a  silk  fibre 
/laoging   vertically.     The  same   wire 
carries  a  small  concave  mirror  t  (Fig. 
401c)  for  reflecting  the  light  from  an 
illuminated  vertical  slit.     An  image  of 

the  slit  is  thus  formed  at  the  distance  of  about  a  yard,  and  is  received 
upon  a  paper  scale  of  equal  parts,  by  reference  to  which  the  move- 
ments of  the  image  can  be  measured.  The  movements  of  the  image 
depend  upon  the  movements  of  the  mirror,  which  are  precisely  the 
*nie  as  those  of  the  needle.  We  have  now  to  explain  how  the 
movements  of  the  needle  are  produced 

One  pair  of  opposite  quadrants  c  d  are  connected  with  each  other, 
^d  with  a  stiff  wire  I  projecting  above  the  case  of  the  instrument. 
The  other  quadrants  d  d!  are  in  like  manner  connected  with  the  other 
f'Tojecting  wire  m.  The  projecting  parts  I  m  are  called  the  chief 
^Jectrodes,  and  are  to  be  connected  respectively  with  the  two  con- 
ductors iivhose  difference  of  potential  is  required,  one  of  which  is 
UBoally  the  earth.  Suppose  the  needle  to  have  a  positive  charge  of 
iteown,  then  if  the  potential  of  c  and  d  be  higher  (algebraically)  than 
tbat  of  d  and  d\  one  end  of  the  needle  will  experience  a  force  urging 
it  from  e  to  d,  and  the  .other  end  will  experience  a  force  urging  it 
from  d  to  d'.    These  two  forces  constitute  a  couple  tending  to  turn 


Fig.  401o.~Needle  and  QoadrantB. 
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the  needle  about  a  vertical  axis.     If  the  potential  of  c  and  c'  be  lower 
than  that  of  d  and  d\  the  couple  will  be  iu  the  opposite  direction. 
To  prevent  the  needle  from  deviating  too  far  under  the  action  of 
this  couple,  and  to  give  it  a  definite  position  when  there  is  no  elec- 
trical couple  acting  upon  it,  a  small  light  magnet  is  attached  to  the 
back  of  the  mirror,  and  by  means  of  controlling  magnets  outside  the 
case  the  earth's  magnetism  is  overpowered,  so  that,  whatever  position 
be  chosen  for  the  instrument,  the  needle  can  be  made  to  assume  the 
proper  zero  position.     In  some  instruments  recently  constructed,  the 
magnets  are  dispensed  with,  and  a  bifilar  suspension  is  substituted 
for  the  single  silk  fibra     The  permanent  electrification  of  the  needle 
is  attained  by  connecting  it,  by  means  of  a  descending  platinum 
wire,  with  a  quantity  of  strong  sulphuric  acid,  which  occupies  the 
lower  part  of  the  containing  glass  jar.     The  acid,  being  an  excellent 
conductor,  serves  as  the  inner  coating  of  a  Leyden  jar,  the  outside  of 
the  glass  opposite  to  it  being  coated  with  tin-foil,  and  connected  with 
the  earth.     The  acid  at  the  same  time  serves  the  purpose  of  keeping 
the  interior  of  the  apparatus  very  dry.     The  charge  is  given  to  the 
jar  through  the  charging  electrode  p,  which  can  be  thrown  into  or 
out  of  connection  at  pleasure.     As  the  sensibility  of  the  instrument 
increases  with  the  potential  of  the  jar,  a  gauge  and  rej)lenisker  are 
provided  for  keeping  this  potential  constant.     The  gauge  is  simply 
an  "attracted-disc  electrometer,"  in  which  the  distance  between  the 
parallel  discs  is  never  altered,  so  that  the  aluminium  square  only 
comes  into  position  when  the  potential  of  one  of  the  discs,  which  is 
connected  with  the  acid  in  the  jar,  difiers  by  a  certain  definite  amount 
from  the  potential  of  the  other,  which  is  connected  with  the  earth. 
A  glance  at  the  gauge  shows,  at  any  moment,  whether  the  potential 
of  the  jar  has  the  normal  strength.     If  it  has  fallen  below  this  point, 
the  repleniaker  is  employed  to  increase  the  charge 

This  apparatus,  which  is  separately  represented,  dissected,  in  Fig. 
401 E,  and  is  for  simplicity  omitted  in  Fig.  401  c,  consists  of  a  vertical 
stem  of  ebonite  s,  which  can  be  rapidly  twirled  with  the  finger  by 
means  of  a  milled  head  y,  and  which  carries  two  metal  -wings  or 
carriers,  b,b,  insulated  from  each  other.    In  one  part  of  their  revolu- 
tion, these  come  in  contact  with  two  light  steel  springs  ff,  which 
simply  serve  to  connect  them  for  the  instant  with  each  other.     In 
another  part  of  their  revolution,  they  come  in  contact   with  tw^o 
other  springs  e  e,  connected  respectively  with  the  acid  of  the  jar  and 
with  the  earth.     The  first  of  these  contacts  takes  place  just  before 
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the  wings  emerge  from  the  shelter  of  the  larger  metallic  sectors  or 
indwtore  a  a,  of  which  oDe  is  coDoected  with  the  acid,  and  the 
otter  with  the  earth.  Suppose  the  acid  to  have  a  positive  charge. 
Then,  at  the  instant  of  contact,  an 
indnctive  movement  of  electricity 
takes  place,  producing  an  accumula- 
tion of  negative  electricity  in  the 
carrier  which  is  next  the  positive 
indoctor,  and  an  accumulation  of 
positive  in  the  other.  The  next 
coDtacts  are  effected  when  the  car- 
rier which  has  thus  acquired  a  posi- 
tive charge  is  well  under  cover  of 
the  positive  inductor,  to  which  ac- 
cordingly it  gives  up  its  electricity, 
for,  being  in  gieat  part  surrounded 

by  this   inductor,  and  heing  con-  .    Kg.  4dii.— Hspieui^v. 

nect«d  with  it  by  the  spring,  the 

carrier  may  be  regarded  as  forming  a  portion  of  the  interior  of  a 
concave  conductor,  and  the  electricity  accordingly  passes  from  it  to 
the  external  surface,  that  is  to  the  inductor,  and  to  the  acid  con- 
nected with  it,  which  form  the  lining  of  the  jar.  The  negative  elec- 
tricity on  the  other  cai-rier  is,  in  like  manner,  given  off  to  the  other 
inductor,  and  so  to  the  earth. 

The  jar  thus  receives  an  addition  to  its  charge  once  in  every  half- 
revolution  of  the  replenisher ;  and,  as  these  increments  are  very  small, 
it  is  easy  to  regulate  the  charge  so  that  the  gauge  shall  indicate 
exactly  the  normal  potential  If  the  charge  is  too  strong,  it  can  be 
diminished  by  taming  the  i-eplenisher  in  the  reverse  direction. 

469f.  Csge-electrometer. — In  another  form  of  electrometer,  which 
bas  some  advantages  of  its  own,  though  now  but  little  used,  the  ob- 
servation for  difference  of  potential  consists  in  applying  torsion  to  a 
glass  fibre  imtil  the  needle  {a  straight  piece  of  aluminium  wire)  which 
it  carries,  is  forced,  against  electrical  repukion,  to  assume  a  definite 
[■oeitton  marked  by  sights.  The  repulsion,  wliich  acts  upon  the  two 
ends  of  the  needle  so  as  to  produce  a  couple,  is  exerted  by  two  ver- 
tical brass  plates,  which  are  connected  with  the  needle  by  means  of 
^K  platinam  wires  dipping  in  sulphmic  acid  at  the  bottom  of  a 
Ufden  jar.  Tlie  needle  and  the  plates  which  repel  it  are  thus  at 
the  potential  of  the  Jar.     The  repulsion  between  them  is  modified  by 


598  ELECTBOMETEBS. 

the  influence  of  a  cage  of  brass  Mdre,  which  surrounds  them,  and 
which  is  connected  with  the  conductor  whose  potential  is  to  be  ex- 
amined. If  this  conductor  has  the  same  potential  as  the  jar,  there  is 
no  repulsion.  If  its  potential  differs  either  way  from  that  of  the  jar, 
the  couple  of  repulsion  is  proportional  to  the  square  of  this  differenoe 
of  potentials.^  The  difference  of  potential  is  therefore  obtained  by 
taking  the  square  root  of  the  number  of  degrees  of  torsion  of  the 
fibra 

^  In  a  given  position  of  the  needle,  the  qoantities  of  electricity  upon  it  and  npon  the 
plates  which  repel  it  are  hoth  proportional  to  this  difference  of  potentiah,  and  the  distiibtt- 
tion  is  invariable.  Hence  (§  420)  the  foroe  of  repulsion  is  proportional  to  the  pxcdnct  of 
the  two  quantities,  that  is  to  the  square  of  either  of  thenu 
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470.  BeBemblance  of  Lig^litiiiiig  to  the  Electric  Spark. — The  resem- 
blance of  the  effects  of  lightning  to  those  of  the  electric  spark  struck 
the  minds  of  many  of  the  early  electricians.  Lightning,  in  fact, 
raptures  and  scatters  non-conducting  substances,  inflaming  those 
which  are  combustible ;  heats,  reddens,  melts,  and  volatilizes  metals ; 
and  gives  shocks,  more  or  less  severe,  and  frequently  fatal,  to  men 
BDi  animals;  all  of  these  being  precisely  the  effects  of  the  electric 
spark  with  merely  &  difference  of  intensity.  We  may  add  that 
lightnmg  leaves  behind  it  a  characteristic  odour  precisely  similar  to 
that  which  is  observed  near  an  electrical  machine  when  it  is  working, 
and  which  we  now  know  to  be  due  to  the  presence  of  ozone.  More- 
over, the  form  of  the  spark,  its  brilliancy,  and  the  detonation  which 
attends  it,  all  remind  one  forcibly  of  lightning. 

To  Franklin,  however,  belongs  the  credit  of  putting  the  identity 
of  the  two  phenomena  beyond  all  question,  and  proving  experi- 
mentally  that  the  clouds  in  a  thunder-storm  are  charged  with  elec- 
tricity. This  he  did  by  sending  up  a  kite,  armed  with  an  iron  point 
with  which  the  hempen  string  of  the  kite  was  connected.  To  the 
low^r  end  of  the  string  a  key  was  fastened,  and  to  this  again  was 
Attached  a  silk  ribbon  intended  to  insulate  the  kite  and  string  from 
the  hand  of  the  person  holding  it.  Having  sent  up  the  kite  on  the 
Approach  of  a  storm,  he  waited  in  vain  for  some  time  even  after  a 
heavy  doud  had  passed  directly  over  the  kite.  At  length  the  fibres 
of  the  string  began  to  bristle,  and  he  was  able  to  draw  a  strong  spark 
by  presenting  his  knuckle  to  the  kej^  A  shower  now  fell,  and,  by 
wetting  the  string,  improved  its  conducting  power,  the  silk  ribbon 
being  still  kept  dry  by  standing  under  a  shed.  Sparks  in  rapid 
•Kcession  were  drawn  from  the  key,  a  Leyden  jar  was  charged  by  it, 
^  a  shock  given. 


<»< 
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Shortly  before  this  occurrence,  Dalibard,  actiog  apoa  a  published 
suggestion  of  Franklin,  had  erected  a  pointed  iron  rod  on  the  top  of 
a  house  near  Paris.  The  rod  was  insulated  Irom  the  earth,  and  coutd 
be  connected  with  various  electrical  apparatus.  A  thunder-storm 
having  occurred,  a  great  number  of  sparks,  some  of  them  of  gteal 
power,  were  drawn  from  the  lower  end  of  the  rod. 

These  experiments  were  repeated  in  various  places,  and  RiclimanD 
of  St.  Petersburg,  while  conducting  an  in- 
vestigation with  an  apparatus  somewhat 
resembling  that  of  Dalibard,  received  a 
spark  which  killed  him  on  the  spot 
0^  '  472.  Electric  Ohimoa. — Franklin  devised 
H^^^      \  an  apparatus  for  giving  warning  when  the 

I  \  insulated  rod  is  charged  with  electricity. 

I  i/m    It  consists  (Fig.  402)  of  a  metal  bar,  carry- 

ing three  bells  with  two  clappers  between 
them.  The  two  extreme  bells  are  hung 
from  the  bar  by  metallic  chains.  The 
middle  one  is  hung  by  a  silk  thread,  and 
connected  with  the  ground.  The  clappers 
are  also  hung  by  silk  threads.  When  the  bar  is  electrified,  the  clap- 
pers are  first  attracted  by  the  two  extreme  bells,  and  then  repelled  to 
the  middle  bell,  through  which  they  discharge  themselves,  to  be 
again  attracted  and  repelled,  thus  keeping  up  a  continual  ringing  as 
long  as  the  bar  remains  electrified. 

473.  Duration  of  Lightning. — It  appears  that  thunder-clouds  must 
be  regarded  as  charged  masses  of  considerable  conducting  power. 
The  discharges  which  produce  lightning  and  thunder 
occur  sometimes  between  two  clouds,  and  sometimes 
between  a  cloud  and  the  earth.     The  duration  o£  tlie 
illumination  produced  by  lightning  is  certainly  less 
than  the  ten-thousandth  of  a  second.     This  has  been 
established  by  observing  a  rapidlj'  rotating  disc  (Fig. 
Dur^*SFi«b.     *03)    divided    into    sectors    alternately     black    andl 
white.     If  viewed  by  daylight,  the  disc  appears  of  al 
uniform  gray ;  and  if  lightning,  occurring  in  the  dark,  renders  the 
separate  sectors  visible,  the  duration  of  its  light  must  be  less  than 
the  time  of  revolving  through  the  breadth  of  one  sector.     The  experi- 
ment has  been  tried  with  a  disc  divided  into  60  sectors,  and  inakin<i 
180  revolutions  per  second,  so  that  the  time  of  turning  through  th« 
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Fig.  404.— Slmaltaneous  ExploiloDi. 


flpace occupied  by  one  sector  is  -^ of  ^hr  ^^ «•  second,  that  is,  ip^^^^. 
When  the  disc,  turning  with  this  velocity,  is  rendered  visible  by 
lightningy  the  observer  sees  black  and  white  sectors  with  gray  ones 
between  them.  For  the  black  and  white  sectors  to  be  seen  sharply 
defined,  without  intermediate  gray,  it  would  be  necessary  that  the 
illumination  should  be  absolutely  instan- 
taneous. 

476.  Thnnder.  —  Thunder  frequently 
consists  of  a  number  of  reports  beard  in 
successioiL  This  can  be  explained  by  sup- 
posing that  (as  in  the  experiment  of  the 
spangled  tube,  §  440)  discharge  occurs  at 
several  places  at  once.  The  reports  of 
these  explosions  will  be  heard  in  the 
order  of  their  distance  from  the  observer. 
K  for  example,  the  lines  of  discharge  form 
the  zig-zag  M  N  (Fig.  404),  an  observer 
^  0  will  hear  first  the  explosion  at  a, 

then,  a  little  later,  the  five  explosions  at  m,  n,  r,8,  t;  he  will  conse- 
quently observe  an  increase  in  the  intensity  of  the  sound. 

477.  Shock  by  Influence. — Persons  near  whom  a  flash  of  lightning 
passes,  frequently  experience  a  severe  shock  by  induction.  This  is 
analogous  to  the  phenomenon,  first  observed  by  Qalvani,  that  a 
skinned  frog  in  the  neighbourhood  of  an  electrical  machine,  although 
dead,  exhibits  convulsive  movements  every  time  a  spark  is  drawn 
from  the  conductor.  In  like  manner,  if  Volta's  pistol  (§  443)  be 
placed  on  the  wooden  supports  of  an  electrical  machine^  and  its  knob 
he  connected  with  the  ground  by  a  chain,  on  drawing  a  spark  from 
themachine^  another  spark  will  pass  in  the  interior  of  the  pistol,  and 
fire  it  oflT. 

478.  Ligrhtning-condactorB. — Experience  having  shown  that  elec- 
ricity  travels  in  preference  through  the  best  conductors,  it  is  easy 
to  nnderstand  that,  if  a  building  be  fitted  with  metallic  rods  termi- 
uting  in  the  earth,  lightning  will  travel  through  these  instead  of 
striking  the  building.  But  further,  if  these  rods  terminate  above  in 
^  point,  they  may  exercise  a  preventive  infiuence  by  enabling  the 
'^arth  and  clouds  to  exchange  their  opposite  electricities  in  a  gradual 
^^y,JUBt  as  the  conductor  of  a  machine  is  prevented  from  giving 
:<^werfal  sparks  by  presenting  to  it  a  sharp  point  connected  with  the 
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While  the  electrical  machine  is  working  powerfully,  and  the  quad- 
rant electroscope  shows  a  strong  charge,  let  a  pointed  metallic  rod  be 
presented,  as  in  Fig.  405 ;  the  pith-ball  will  immediately  M  back  to 
the  vertical  position,  and  it  will  be  found  impossible  to  draw  a  spark 


Fig.  405.«Ooiidaotor  Diaohaxgad  bj  praenting  a  Point. 

from  any  part  of  the  conductor.  If  the  experiment  is  performed  in 
the  dark,  the  point  will  be  seen  to  be  tipped  with  light;  and  a  similar 
appearance  is  sometimes  observed  on  the  tops  of  lightning-rods  and 
of  ships'  masts.  In  the  latter  position  it  is  known  to  oailors  as  Si 
Elmo's  fire, 

479.  Construotion  of  Lightning-condnctors. — ^A  badly  constmcted 
lightning-conductor  may  be  a  source  of  danger,  instead  of  a  protec- 
tion.    The  following  conditions  should  always  be  complied  with: — 

1.  The  connection  with  the  ground  should  be  continuous. 

2.  The  conductor  must  be  everywhere  of  so  large  a  section  that  it 
will  not  be  melted  by  lightning  passing  through  it  The  French 
Academy  of  Sciences  recommend  that  the  section  for  iron  rods  should 
be  nowhere  less  than  2'25  centimetres,  or  ^  of  an  inch. 

3.  The  earth  contact  must  be  good.  The  conductor  may  be  con- 
nected at  its  base  with  the  iron  pipes  which  supply  the  neighbour- 
hood with  water  or  gas ;  or  it  may  terminate  in  the  water  of  a  well 
or  pond  Failing  these,  it  should  be  provided  with  branches  travers- 
ing the  soil  in  different  directions,  and  surrounded  by  coke,  which  Is 
a  good  conductor. 

4.  At  no  part  of  its  course  above  ground  should  it  come  near  to  the 
metal  pipes  which  supply  the  house  with  water  or  gas,  nor  to  any 
large  masses  of  metal  in  the  housa  All  large  masses  of  metal  on  the 
outside  of  the  house,  such  as  lead  roofing,  should  be  well  connected 
with  the  conductor. 
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^treme  point  should  be  sharp.  A  former  commiBsion  of 
ny  recommended  a  platinum  pointy  which  should  be  cou- 
aected  with  the  iron  by  welding.  But  as  this 
construction  is  both  difficult  and  expensive, 
later  directions  have  been  issued  recommending 
a  gilded  copper  cone,  screwed  oq  to  the  iron,  as 
shown  in  Fig.  407,  which  is  half  the  actual  size. 
This  form  of  termination  is  better  than  a  needle 
point,  because  less  liable  to  fusion. 

The  general  arrangement  is  represented  in 
Fig.  406.  The  rod  has  a  diameter  of  2  or  3 
inches  at  its  base,  and  gradually  tapers  upwards 
to  the  place  where  the  point  is  screwed  on.  The 
descending  portion  6  is  connected  with  the  base 
of  this  rod  by  the  broad  band  IV. 

480.  Ordinary  Electricity  of  the  Atmosphere. 
— ^The  presence  of  electricity  in  the  upper  re- 
gions of  the  air  is  not  confined  to  thunder- 
clouds, but  can  be  detected  at  all  times  In 
fine  weather  this  electricity  is  almost  invariably 
positive,  but  in  showery 
or  stormy  weather  nega-  \ 

tive  electricity  is  as  fre-  ,. 

quenUy  met  with  as  posi-  j 

tive;   and    it  is  in   such  | 

Veather  that  the  indica- 
tions  of  electricity,  who-  i 

ther  positive  or  negative,  5 

are  usually  the  strongest. 

480a.   HethodB  of  ob-  { 

taining  Indieatione. — One  ^ 

Kof  the  early  methods  of  ob- 
serving atmospheric  elec- 
tricity consisted  in  shoot-  _..««.. 
tning.        '°S  ^P  ^^  arrow,  attached 
to    a   conducting    thread, 
having  at  its  lower  end  a 
'as  Ifud  upon  the  top  of  a  gold-leaf  electroscopa     As  the 
3  higher,  the  leaves  diverge  more  and  more  with  elec- 
same  sign  as  that  overhead ;   and  they  remain  divei^- 
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ent   after  the   ring  has  been  lifled  off  by  the  movement  of  the 

Sometimes,  instead  of  the  arrow,  a  point  on  the  top  of  the  electm- 
scope  is  employed  to  collect  electricity  from 
the  air,  bis  in  Fig.  408.  Both  these  methods 
are  very  unceitain  in  their  actioa 

A  better  method  of  collecting  electricity 
from  the  air  was  long  ago  devised  by  VoltJi, 
who  employed  for  this  purpose  a  bumiii^ 
match  attached  to  the  top  of  a  rod  conaected 
with  the  gold-leaves  or  straws  of  his  electro- 
scopa  If  there  is  positive  electriwty  over- 
head, its  influence  causes  negative  electricity 
to  collect  at  the  upper  end  of  the  rod,  whence 
it  passes  off  by  convection  in  the  products  erf 
combustion  of  the  match,  leaving  the  whole 
conducting  system  positively  electrified  In 
like  manner,  if  the  electricity  overhead  be  ne- 
gative, the  system  will  be  left  negatively  elec- 
trified. 

Another  method  wbich,  in  the  hands  of  Pel- 
tier, Quetelet,  and  Dellmann,  has  yielded  good 
results,  consists  infirst  exposing,  in  an  elevatoi 
position  such  as  the  top  of  a  house,  a  conducting  ball  supported  on 
an  insulating  stand,  and,  while  exposed,  connecting  it  with  the  eaith. , 
then   insulatinir    it.    and    e'xamining   the  cbarpf 
This  charge,  b^g  »c- 
f  the  inductive  action  ct 
is  opposite  in  ^gn  to  tbe 
inducing  electricity. 

Another  iDetbod. 
which  in  principle  rt- 
sembles  that  of  Voltn. 
but  is  speedier  in  ii" 
action,  has  been  intro- 
duced by  Sir  W.  Thorn- 
Fig.*08*.-w»tM.dioppingcou«tor.  SOD.     It  consists  in  ili-j 

lowing  a  fine  stream  of 
water  to  fiow,  from  an  insulated  metallic  vessel,  through  a  pipe. 
which  projects  through  an  open  window  ot  other  aperture  in  the 
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waD  of  a  house,  so  that  the  nozzle  from  which  the  water  flows  is  in 
the  open  air.  The  apparatus  for  tliis  purpose,  called  the  water- 
dropping  collector,  is  represented  in  Fig.  408  A-  a  is  a  copper  can, 
containing  water,  which  can  be  discharged  through  the  brass  pipe  b 
hj  turning  a  tap.  The  mode  of  insulation  is  worthy  of  notice.  The 
can  is  supported  on  a  glass  stem  c,  which  is  surrounded,  without  con- 
tact, hy  a  ring  or  rings  of  pumice  dd,  moistened  with  sulphuric  acid. 
These  are  protected  by  an  outer  case  of  brass  ee,  having  a  hole  in  its 
top  rather  larger  than  the  glass  stem,  the  brass  being  separated  from 
the  moist  pumice  by  an  inner  case  of  gutta-percha.  The  acid  needs 
renewal  about  once  in  two  montha 

In  severe  frost,  burning  matches  can  be  used  instead  of  water, 
and  are  found  to  give  identical  indicationa      Whether  water  or 
match  be  used,  the  principle  of  action^  is  that,  as  long  as  any  differ- 
ence of  potential  exists  between  the  insulated  conductor  and  the  point 
o{  the  air  where  the  issuing  stream  (whether  of  water  or  smoke) 
ceases  to  be  one  continuous  conductor,  and  begins  to  be  a  non-con- 
iuctcr  or  a  succession  of  detached  drops,  so  long  will  each  drop  or 
portion  that  detaches  itself  carry  off  either  positive  or  negative  elec- 
tricity, and  thus  diminish  the  difference  of  potential.     This  is  an 
application  of  the  principle  of  §  445  B,  that  electricity  tends  to  travel 
hm  places  of  higher  to  places  of  lower  potential.     The  time  required 
to  reduce  the  system  to  the  potential  which  exists  at  the  point  above 
specified,  is  practically  about  half  a  minute  with  the  water-jet,  and 
from  half  a  minute  to  a  minute  or  more,  according  to  the  strength  of 
the  wind,  with  a  match. 

The  water-dropper  is  the  most  convenient  collecting  apparatus 
▼hen  the  observations  are  taken  always  in  the  same  placa     For 

T^  fonowxn^  quotation  from  an  article  by  Sir  W.  Thomson  puts  the  matter  very 
*^^7'- — "If,  now,  we  conceive  an  elevated  conductor,  first  belonging  to  the  earth,  to  be- 
^ise  umlated,  and  to  be  made  to  throw  otS,  and  to  continue  throwing  off,  portions  from 
^  exposed  part  of  its  surface,  this  part  of  its  surface  wiU  quickly  be  reduced  to  a  state  of 
'•"  «i£ctiificatioiiy  and  the  whole  conductor  wiU  be  brought  to  such  a  potential  as  wiU  aUow 
'  '•  remain  in  electrical  equilibrium  in  the  air,  with  that  portion  of  its  surface  neutral. 
h  'Aher  words,  the  potential  throughout  the  insulated  conductor  is  brought  to  be  the  same 
^thatoi  the  particular  equi-potential  surface  in  the  air,  which  passes  through  the  point 
''•t  fr^BQ  wfaxcli  matter  breaks  away.  A  flame,  or  the  heated  gas  passing  from  a  burning 
"-^  does  precisely  this :  the  flame  itself,  or  the  highly  heated  gas  close  to  the  match, 
'^  X  esnd  actor  which  is  constantly  extending  out,  and  gradually  becoming  a  non-con- 
*<^-^'f-  The  drope  [into  which  the  jet  from  the  water-dropper  breaks]  produce  the  same 
^«ti.  with  more  pointed  decision,  and  with  more  of  dynamical  energy  to  remove  the  re* 
'^*i  matter,  ivith  the  electricity  which  it  carries,  from  the  neighbourhood  of  the  fixed 
*^-xtor.'' — NichoTs  Cyclopadia^  second  edition,  art.  "Electricity,  Atmospheric.'* 
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portable  service,  Sir  Wm.  Thomson  employs  blotting-paper,  steeped 
in  solution  of  nitrate  of  lead,  dried,  and  rolled  into  matcbea  The 
portable  electrometer  carries  a  light  brass  rod  or  wire  projecting  up- 
wards, to  the  top  of  which  the  matches  can  be  fixed. 

480  b.  Interpretation  of  Indications. — We  have  seen  that  the  col- 
lecting apparatus,  whether  armed  with  water-jet  or  burning  match, 
is  merely  an  arrangement  for  reducing  an  insulated  conductor  to  the 
potential  which  exists  at  a  particular  point  in  the  air.    An  electro- 
meter will  then  show  us  the  difference  between  this  potential  mi 
that  of  any  other  given  conductor,  for  example  the  earth.    The  earth 
offers  so  little  resistance  to  the  passage  of  electricity,  that  any  tem- 
porary difference  of  potential  which  may  exist  between  different 
parts  of  its  surface,  must  be  very  slight  in  comparison  with  the  dif- 
ferences of  potential  which  exist  between  different  points  in  the  non- 
conducting atmosphere  above  it    As  there  is  no  possible  method  of 
determining  absolute  potential,  since  all  electric  phenomena  would 
remain  unchanged  by  an  equal  addition  to  the  potentials  of  all  points, 
it  is  convenient  to  assume,  as  the  zero  of  potential,  that  of  the  m<^ 
constant  body  to  which  we  have  access,  namely  the  earth;  and  under 
the  name  earth  we  include  trees,  buildings,  animals,  and  all  other  con- 
ductors in  electrical  communication  with  the  soil. 

Now  we  find  that,  as  we  proceed  further  from  the  earth's  sur&ce, 
whether  upwards  from  a  level  part  of  it,  or  horizontally  from  a  verti- 
cal part  of  it,  such  as  an  outer  wall  of  a  house,  the  potential  of  points 
in  the  air  becomes  more  and  more  different  from  that  of  the  earth, 
the  difference  being,  in  a  broad  sense,  simply  proportional  to  the  dis- 
tance. Hence  we  can  infer^  that  there  is  electricity  residing  on  live 
surface  of  the  earth,  the  density  of  this  electricity,  at  any  moment 
in  the  locality  of  observation,  being  measured  by  the  differenct; 
of  potential  which  we  find  to  exist  between  the  earth  and  a  given 
point  in  the  air  near  it.  Observations  of  so-called  atmospheric  elec- 
tricity^ made  in  the  manner  we  have  described,  are  in  fact  simply 

^  By  §  445 1,  if  p  denote  the  quantity  of  electricity  per  unit  area  on  an  even  part  of  the 
earth's  surface,  the  force  in  the  neighbouring  air  is  4rp.  This  must  be  equal  to  the 
change  of  potential  in  going  unit  distance  (§  445  d).  If  potential  increases  poatiTelj,  p  i« 
negative. 

^  No  good  electrical  observations  have  yet  been  made  in  balloons^  and  very  little  if 
known  regarding  the  distribution  of  electricity  at  different  heights  in  the  air.  A  method 
of  gauging  this  distribution  by  balloon  observations  is  suggested  by  the  prindplies  U  §  445  b, 
which  show  that,  when  the  lines  of  force  are  vertical,  and  the  tubes  of  force  oonaequent^j 
cylindrical,  the  difference  of  electrical  force  at  different  heights  is  proportioiial  to  tin 
quantity  of  electricity  which  lies  between  them. 


RESULTS  OF  OBSBBVATION.  607 

detenninations  of  the  quantity  of  electricity  residing  on  the  earth's 
sQi&ce  at  tbe  place  of  obsei'vation.     The  results  of  observations  so 
made  are  however  amply  sufficient  to  show  that  electricity  residing 
in  the  atmosphere  is  really  the  main  cause  of  the  variations  observed. 
A  charged  cloud  or  body  of  air  induces  electricity  of  the  opposite 
kind  to  its  own  on  the  parts  of  the  earth's  surface  over  which  it 
pAsses;  and  the  variations  which  we  find  to  occur  in  the  electrical 
density  at  the  parts  of  the  surface  where  we  observe,  are  so  rapid  and 
considerable,  that  no  other  cause  but  this  seems  at  all  adequate  to 
account  for  them.     We  may  therefore  safely  assume  that  the  differ- 
ence of  potential  which  we  find,  in  increasing  our  distance  from  the 
earth,  is  mainly  due  to  electricity  induced  on  the  surface  of  the  earth 
by  opposite  electricity  in  the  air  overhead. 

As  electrical  density  is  greater  on  projecting  parts  of  a  surface  than 
on  those  which  are  plane  or  concave,  we  shall  obtain  stronger  indica- 
tions on  hills  than  in  valleys,  if  our  collecting  apparatus  be  at  the 
same  distance  from  the  ground  in  both  cases.  Under  a  tree,  or  in 
aoy  position  excluded  from  view  of  the  sky,  we  shall  obtain  little  or 
no  effect 

iSOo.  Besolts  of  Observation. — The  only  regular  series  of  observa- 
tions which  have  as  yet  been  taken^  with  Sir  Wm.  Thomson's  instru- 
ments, consist  of  two  years'  continuous  observations  with  self-recording 
apparatus  at  Kew  Observatory ;  and  two  years*  observations,  at  three 
stated  times  daily,  and  at  other  irregular  times,  at  Windsor  in  Nova 
Scotia  (lat.  45**  N.)  The  electrometer  used  at  Kew  was  an  earlier 
form  of  the  quadrant  electrometer  already  described ;  and  the  auto- 
graphic registration  was  effected  by  throwing  the  image  of  a  bright 
point  (a  small  hole  with  a  lamp  behind  it)  upon  a  sheet  of  photo- 
graphic paper  drawn  upwards  by  clock-work,  whereas  the  movements 
of  the  image,  formed  by  means  of  the  mirror  attached  to  the  needle, 
^ere  horizontal  The  curves  thus  obtained  give  very  accurate  infor- 
^tion  respecting  the  potential  of  the  air  at  the  point  of  observation, 
^hen  of  moderate  strength ;  but  fail  to  record  it  when  of  excessive 
^^rength,  as  tbe  image  on  these  occasions  passed  out  of  range.  The 
Windsor  observations  were  taken  with  the  cage-electrometer,  of 
^hich  two  forms  were  employed,  one  being  much  more  sensitive  than 

*  Tbe  obBervationB  at  Windsor,  K.S.,  and  at  Kew,  are  described  in  three  papers  by  the 
«^7  of  thiB  work,  Proc.  It.  S.y  June  1663,  January  1865,  and  Trans,  R.  S.,  December 
*-^T.  DeUmann'B  observatioiiB  at  Krenznach,  which  were  taken  with  apparatus  devised 
'^kisoelfy  BIB  described  in  PhiL  Mag.  June  1858.  Quetelet's  observations  (taken  with 
't^'s  appaimtus)  are  described  in  his  volume  Sur  le  Climai  de  la  Belgique  (Brussels,  1849). 
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the  other.  The  more  sensitive  form  waa  usually  employed,  ^hen 
the  potential  became  inconveniently  strong,  the  first  step  was  to 
shorten  the  discharging  pipe  by  screwing  off  some  of  its  joints.  This 
reduced  the  strength  of  potential  in  about  the  ratio  of  3  : 1 ;  but  eTen 
this  reduction  was  often  not  enough  for  the  more  sensitive  instru- 
ment, and  on  such  occasions  the  other  (which  was  intended  as  a  port- 
able electrometer)  was  employed  instead.  As  the  ratio  of  the  indica- 
tions of  the  two  instruments  was  known,  a  complete  comparison  of 
potentials  in  all  weathers  was  thus  obtained.  The  results  are  as  foUowa 

Employing  a  unit  in  terms  of  which  the  average  fine-weather 
potential  for  the  year  was  +4s,  the  potential  was  seldom  so  weak  as 
1,  though  on  rare  occasions  it  was  for  a  few  minutes  as  low  as  01. 
In  wet  weather,  especially  with  sudden  heavy  showers,  the  potential 
was  often  as  strong  as  ±20  to  ±30,  and   it  was   fully  as  strong 
during  hail.     With  snow,  the  average  strength  was  about  the  same 
as  with  heavy  rain,  but  it  was  less  variable,  and  the  sign  was  almost 
always  positive.     Occasionally,  with  high  wind  accompanying  sdow. 
during  very  severe  frost,  it  was  from  +80  to  +100,  or  even  higher. 
With  fog,  it  was  always  positive,  averaging  about  +10.     In  thunder- 
storms it  frequently  exceeded  ±100,  and  on  a  few  occasions  ex- 
ceeded —  200.     There  was  usually  a  great  predominance  of  negative 
potential  in  thunder-storma     Change  of  sign  was  a  fi*equent  accom- 
paniment of  a  flash  of  lightning  or  a  sudden  downpour  of  rain.    At 
all  times,  there  was  a  remarkable  absence  of  steadiness  as  compared 
with  most  meteorological  phenomena^  wind-pressure  being  the  only 
element  whose  fluctuations  are  at  all  comparable,  in  magnitude  and 
suddenness,  with  those  of  electrical  potential     Even  in  fine  weather, 
its  variations  during  two  or  three  minutes  usually  amount  to  ajs  much 
as  20  per  cent.     In  changeable  and  stormy  weather  they  are  much 
greater;  and  on  some  rare  occasions  it  changes  so  much  firom  second 
to  second  that,  notwithstanding  the  mitigating  eflect  of  the  collectiDg 
process,  which  eases  off  all  sudden  changes,  the  needle  of  the  electro- 
meter is  kept  in  a  continual  state  of  agitation. 

480  D.  Annual  and  Diurnal  Tariations. — Observations  everywhere^ 
concur  in  showing  that  the  average  strength  of  potential  is  greater  in 
winter  than  in  summer;  but  the  months  of  maxima  and  minima 
appear  to  differ  considerably  at  different  places.  The  chief  maximum 
occurs  in  one  of  the  winter  months,  varying  at  different  places  from 

^  The  remarks  in  this  section  express  the  results  of  observation  at  pUoes  aU  oi  which  kk 
in  the  north  temperate  zone. 


D  DIURKAL  VABIATIONa  609 

f -wiDter;  and  the  chief  miDimma  occurs 
la  Both  Kew  and  Windsor  show  dJa- 
e  year,  but  Brussels,  and  apparently 
The  ratio  of  the  highest  monthly  aver- 
.ew  about  2'5,  at  Windsor  1*9,  and  at 

^ing  continuous,  are  specially  adapted  to 
if  diurnal  variation.  They  distinctly  in- 
maxima,  which  in  July  occur  at  about 
luaiy  about  10  a.h.  and  7  p-h.,  and  in 
and  9.     The  result  of  the  Brussels  obser- 

rie  Elecbrieity. — Various  conjectures  have 

le  sources  of  atmospheric  electricity;  but 

^  has  yet  been  obtained  on  this  subject. 

£nporation  has  been  put  forward  as  a  cause,  but,  as  far  as  laboratory 

ciperimenbi  show,  whenever  electricity  has  been  generated  in  connec- 

I    lion  with  evaporation,  the  real  source  has  been  friction,  as  in  Arm- 

I    strong's  hydro-electric  machine.     The  chemical  processes  involved  in 

T^tation  have  also  been  adduced  as  causes,  but  without  any  sufii- 

tient  evidence.     It  is  perhaps  not  too  much  to  say  that  the  only 

natural  agent  which  we  know  to  be  capable  of  electrifying  the  air  is 

^e  friction  of  solid  and  liquid  particles  against  the  earth  and  against 

«*Gh  other  by  wind.     The  excessively  strong  indications  of  electricity 

o'served  during  snow  accompanied  by  high  wind,  favour  the  idea 

lliat  this  may  be  an  important  source. 

H'ithout  knowing  the  origin  of  atmospheric  electricity,  we  may, 
lij^rever,  give  some  explanation  of  the  electrical  phenomena  which 
wcur  both  in  showers  and  in  thunder-storms.  Very  dry  air  is  an 
Mtellent  non-conductor;  very  moist  air  has,  on  the  other  hand,  con- 
aierable  conducting  power.  When  condensation  takes  place  at 
•fveral  centres,  a  number  of  masses  of  non-conducting  matter  are 
tnoaformed  into  conductors,  and  the  electricity  which  was  diffused 
liiroDgh  their  substance  passes  to  their  surfaces.  These  separate  con- 
■Inctoni  influence  one  another.  If  one  of  them  is  torn  asunder  while 
DflJer  influence,  its  two  portions  may  be  oppositely  charged ;  and  if 
nin  falls  from  the  under  surface  of  a  cloud  which  is  under  the  in- 
Baeace  o(  electricity  above  it,  the  rain  which  falls  may  have  an 
^(fosite  charge  to  the  portion  which  is  left  suspended. 
The  coalescence  of  small  drops  to  form  large  ones,  though  it  in- 
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!  tbe  electrical  decsity  oa  the  eurfaces  of  the  drope,  does  not 
e  the  total  quantity  of  electricity,  and  therefore  (§  445  k)  annot 
directly  influence  the  observed  potential. 

Thunder-Btonns  and  other  powerful  manifestations  of  atmoephenc 
electricity  eeem  to  be  accompaniments  of  very  sudden  and  complett 
Gondeaeation  which  gives  unusually  free  scope  to  the  canaea  of 
irregular  distribution  just  indicated. 

483.  Hail. — Hail  has  sometimes  been  ascribed   to  an  electrical 


origin,  and  a  singular  theory  was  devised  by  Volta  to  account  for  ' 
ii\e  supposed  fact  that  hailstones  are  sustained  in  the  air.  Be 
imagined  that  two  layers  of  cloud,  one  above  the  other,  charged  with 
opposite  electricities,  kept  the  hailstones  continually  moving  up  anJ 
down  by  alternate  attraction  and  repulsion.  An  experiment  called  i 
electric  hail  is  sometimee  employed  to  illustrate  this  idea.  Two  I 
metallic  plates  are  employed  (Fig.  409),  the  lower  one  connected  with 
the  earth,  and  the  upper  one  with  the  conductor  of  the  electrical 
machine ;  and  pith-balls  are  placed  between  them.  As  the  machine 
is  turned,  the  balls  fly  rapidly  backwards  and  f<»-wards  &om  one  j 
plate  to  the  other.  I 
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I        484.  Watereponts. — Waterapouta,  being  often  accompaoieii    by 
itiong  manifeatatJODs  of  electricity,  bave  been  ascribed  by  Peltier  and 
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others  to  an  electrical  origin ;  but  the  account  of  them  given  in  the 
nbjoined  note  appears  more  probable,' 

'  "On  account  of  the  centrifugal  force  Briiing  from  the  rapid  gyrstioni  near  the  centra 
irf  1  tornado,  it  mutt  frequently  be  nearly  a  vacuum.  Hence  when  a  totnado  passes  over 
a  boilding,  the  external  pressure,  in  a  great  measure,  is  suddenly  lemoved,  when  the 
•Onoapbem  within,  not  being  able  to  escape  at  once,  exerta  a  pressure  upon  the  interior, 
^  perfaap*  nearly  fifteen  pounds  to  the  square  inch,  which  causes  the  parts  to  be  thrown  in 
foj  dixwAion  to  a  great  distance.  For  the  same  reason,  also,  the  corks  fly  from  empty 
Mtlea,  and  everything  with  air  confined  within  explodes.  When  a  tornado  happens  at 
•ea,  it  gmerally  produces  a  waterspout.  This  is  generally  flnt  farmed  above,  in  the  form 
'i  a  dond  slutped  like  a  funnel  or  inverted  cone.  As  there  is  lea  resistance  to  the  motions 
la  the  upper  strata  than  near  the  earth's  surface,  the  rapid  gyratory  motion  ccmmencea 
l^en  fiiat.  .  .  .  This  draws  down  the  strata  of  cold  air  above,  which,  coming  in  contact 
*iih  the  warm  and  moist  atmosphere  ascending  in  the  middle  of  the  tornado,  condense*  the 
npcnrand  forms  the  funnel-shaped  cloud.  As  the  gyratory  motion  becomes  more  violent, 
X  padnally  overooroea  the  resistances  neanr  the  surface  of  the  sea,  and  the  vertex  of  the 
fnad-thaped  cloud  gradually  descends  lower,  and  the  imperfect  vacuum  of  the  centiv  of  the 
^oudo  rsmBhea  the  sea,  up  which  the  water  has  a  tendency  to  ascend  to  a  cer^n  height, 
mi  (hence  the  rapdly  ascending  spiral  motion  of  the  atmosphere  carries  Uie  spray  upward, 
<ni]  it  joins  the  cloud  above,  when  the  waterspout  is  complete.  The  upper  part  of  a 
■sunpont  ia  frequently  formed  in  tornadoes  on  land.  When  tornadoes  happen  on  sandy 
iiuu,  inateail  of  waterspouts  they  produce  the  moving  pillars  of  sand  which  are  often  seen 
a  Mdy  doerta."— W.  Ferrel,  in  Maa«maliaU  Monthly.     See  note  |  iW. 
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GENERAL  STATEMENT  OF  FACTS  AND  LAW& 

485.  Mag^ets^  Natural  and  Artificial. — Natural  magnets,  or  lode- 
stones,  are  exceedingly  rare,  although  a  closely  allied  ore  of  iron, 
capable  of  'being  strongly  acted  on  by  magnetic  forces,  and  hence 
called  Tnagnetic  iron-ore,  is  found  in  large  quantity  in  Sweden  and 
elsewhere.  Artificial  magnets  are  usually  pieces  of  steel,  which  have 
been  permanently  endowed  with  magnetism  by  methods  which  we 
shall  hereafter  describe.  Magnets  are  chiefly  characterized  by  the 
property  of  attracting  iron,  and  by  the  tendency  to  assume  a  par- 
ticular orientation  when  freely  suspended. 

486.  Force  Oreatest  at  the  Ends. — The  property  of  attracting  iron 
is  very  unequally  manifested  at  different  points  of  the  sur&ce  of  & 
magnet     If,  for  example,  an  ordinary  bar-magnet  be  plunged  in 

iron -filings,  these  cling  in  large 
quantity  to  the  terminal  portions, 
and  leave  the  middle  bare,  as  io 
the  lower  diagram  of  Fig.  411.  K 
the  magnet  is  very  thick  in  pro- 
portion to  its  length,  we  may  have 
filings  adhering  to  all  parts  of  it, 
Fig.  4ii.-Magnet.  dipi^ed  In  FUings.  but  the  quantity  diminishes  rapid- 

ly towards  the  middle.  The  name 
poles  is  used,  in  a  somewhat  loose  sense,  to  denote  the  two  terminal 
portions  of  a  magnet,  or  to  denote  two  points,  not  very  accurately 
defined,  situated  in  these  portions.  The  middle  portion,  to  which  the 
filings  refuse  to  adhere,  is  called  neutral, 

487.  Lines  Formed  by  Filings. — If  a  sheet  of  card  is  laid  horizon- 
tally upon  a  magnet,  and  wrought-iron  filings  are  sifted  over  it,  these 
will,  with  the  assistance  of  a  few  taps  given  to  the  card,  arrange 
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'3  in  aBystem  of  curved  liDes,Bs  shown  in  Fig.  412.  These 
very  important  indications  both  of  the  direction  and  inten- 
B  force  produced  by  the  magnet  at  different  points  of  the 
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nd  it'  They  cluster  very  closely  about  the  two  poles  p  p, 
idicate  the  places  where  the  force  is  most  intense, 
ve  of  Intensities. — Some  idea  may  be  obtained  of  the  rela- 
Ities  of  mimetic  force  at  different  points  in  the  length  of 
by  measuring  the  weights  of  iron  which  can  be  supported 
Much  better  determinations  can  be  obtained  either  by  the 
torsion-balance,  or  by  counting  the  number  of  vibrations 
mall  magnetized  needle  when  suspended  opposite  different 
3  bar,  the  bar  being  in  a  vertical  position,  and  the  vibra- 
)  needle  being  horizontal.  The  intensity  of  the  force  is 
le  square  of  the  number  of  vibrations;  on  the  same  prin- 
le  force  of  gravity  at  different  places  is  proportional  to  the 
le  numberof  vibrations  of  a  pendulum  (§  47).    Bothtliese 

determination  were  employed  by  Coulomb,  who  was  the 
:e  magnetism  an  accurate  science ;  and  the  results  which 

are  represented  by  the  curve  of  intensities  AMB  (Fig. 

the  middle  of  the  bar,  0  one  end  of  it,  and  the  ordinates 

rmed  by  the  filing*  nuy  be  oiled  tbe  line*  of  ^eetiot  foret  for  partidet  only 
the  pUmc  of  tke  card.  Tbe  linea  of  total  force  out  the  «nl  &t  vuioiu 
st  some  pbKca  perpendicolKr  to  it,  aa  ihown  by  the  filing!  itaoding  oD  end. 
ja  of  lines  of  magnetic  force,  (ee  %  494  a. 
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Fig.  413. — Carre  of  Intensities. 


of  the  curve  (that  is,  the  distances  of  its  points  from  the  line  OX) 
represent  the  intensities  of  force  at  the  different  points  in  its  length. 
The  curve  was  constructed  from  observations  of  the  force  at  several 

points  in  the  length;  but  in 
dealing  with  the  observa- 
tion made  opposite  the  veiy 
end,  the  force  actually  oh- 
served  was  multiplied  by  2. 
Perfect  symmetry  was  found 
between  the  intensities  over 
the  two  halves  of  the  length. 
In  the  figure  we  have  in- 
verted  the  curve  for  one- 
half,  in  order  to  indicate  an  opposition  of  properties,  which  we  shall 
shortly  have  to  describe.     The  curves  of  intensities  for  two  magnets 
of  different  sizes  but  of  the  same  form  are  usually  similar. 

489.  Magnetic  Needle. — Any  magnet  freely  suspended  near  its 

centre  is  usually  called  a  Tnagneiic 
needle,  or  more  proj>erly  a  magne- 
tized needle.    One  of  its  most  usual 
forms  is  that  of  a  very  elongated 
rhombus  of  thin  steel,  having,  ven 
near  its  centre,  a  concavity  or  cuf 
by  means  of  which  it  can  be  bal- 
anced on  a  point     When  it  is  thus 
balanced  horizontally,  it  does  not, 
like  a  piece  of  ordinary  matter,  re- 
main   in    equilibrium    in   all  azi- 
muths,^ but  assumes  one  particular 
direction,  to  which  it  always  comes 
back  after  displacement     In  this 
position  of  stable  equilibrium,  one 
of  its  ends  points  tb  magnetic  north, 
and  the  other  to  magnetic  south, 
which  differ  in  general  by  several  degrees  from  geographical  (or 
true)  north  and  south.     This  is  the  principle  on  which  compasses  are 
constructed. 

^  AU  lines  in  the  same  vertical  plane  are  said  to  have  the  same  €uimuik,  AamnthAl 
aDgles  are  angles  between  vertical  planes,  or  between  horizontal  lines.  The  aamuUi  of  a 
line  when  stated  numericaUy,  is  the  angle  which  the  vertical  plane  ccmtaimng  it  makes 
with  a  vertical  plane  of  reference,  and  this  latter  is  usoaUy  tiie  plane  of  the 


Fig.  414.->Magnetixed  Needle. 
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lie  difference  between  magnetic  and  true  north, 
tbe  mimetic  meridian  and  the  geographical 
■netic  declinatiojO   It  a     " 

fferent  places,  and  at  '"^ 

Des  a  gradual  change 
from  year  to  year,  besides  amaller  changes, 
lackvards  and  forwards,  which  are  continu-  « 
tlly  taking  place.  At  Qreenwich,  at  the  pre- 
xat  time,  its  value  is  about  20"  W.,  that  is, 
iMgnetic  north  is  west  of  true  north  by  this 
imoaat.  For  the  British  Isles  generally  its 
Tilue  is  from  20°  to  30°  W.  wg-  iio.-DwUmoon. 

*M.  InoUnation  or  Dip. — If,   before  mag- 
netizing a  needle,  we  mount  it  oa  an  axis  passing  through  its  centre 
f)f  gravity,  and  support  the  ends  of  the  axis,  as  in  Fig,  416,  by  a 
thread  without  torsion,  the  needle  will  remain  in  equilibrium  in  any 
pwation  In  which  it  may  be  placed.     If  it  be  then  magnetized,  it  will 
no  longer  be  indifferent,  but  will 
place  itself  in  a  particular  vertical 
plane  called  the  magnetic  meri- 
<li>u>,  and  will  take  a  particular 
direction  in  this  plane.     This  di- 
recUoa  b  not  horizontal,  but  in- 
dined,  generally  at  a  considerable 
angle,  to  the  horizon;   and  this 
*iigle  is  called  dip  or  inclinO' 
tion,    Ita  value  at  Greenwich  is 
about  67°,  the  end  which  points 
to  tbe  north  pointing  at  the  same 
time  downwards.     In  the  north- 
era  hemisphere  generally,  it  is  the 
north  end   of  the   needle  which 
^pa,  and  in  the  southern  hemi- 

>phere  it  is  the  end  which  points  Pi^  4iB.-Dip. 

foath. 

^mt  naden  maj  be  glad  to  be  reminded  that  by  the  plane  of  the  a^ridian  is  meant  a 
>enical  pUna  paaaiiiK  through  the  place  of  abuTvaUoo,  and  through  or  parallel  to  the 
anh'i  axia.  A.  boriiontjd  line  in  thii  plana  u  a  meridian  line.  The  moffrutic  meridian  ia 
it  nrtical  plane  in  which  a  magnetized  needle,  when  freely  siupended,  tenda  to  place  ilaelt. 
'  Urn  naatical  name  for  m^petio  declination  a  miriatian;  hut  it  ie  moot  incon»eni«rt 
mote  the  element  itaelf  bj  the  same  name  aa  the  variationn  of  the  element. 
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It  follows  that,  if  a  magnetized  needle  is  to  be  balanced  in  a  hori- 
zontal position,  the  point  or  axis  of  support  must  not  be  in  the  8am& 
vertical  with  the  centre  of  gravity,  but  must  be  between  the  centre 
of  gravity  and  the  end  which  tends  to  dip.  Needles  thus  balanced, 
as  in  the  ordinary  mariner's  compass,  are  called  decliiudwn  needles. 

492.  Mutual  Action  of  Poles. — On  presenting  one  end  of  a  magnet 
to  one  end  of  a  needle  thus  balanced,  we  obtain  either  repulsion  or 
attraction,  according  as  the  pole  which  is  presented  is  similar  or  dis- 
similar  to  that  to  which  it  is  presented.  Poles  of  contrary  name 
attract  ea^h  other;  poles  of  the  same  name  repel  each  other. 

This  property  furnishes  the  means  of  distinguishing  a  body  which 
is  merely  magnetic  (that  is,  capable  of  temporary  magnetization)  from 
a  permanent  magnet.  The  former,  a  piece  of  soft  iron  for  example, 
is  always  attracted  by  either  pole  of  a  magnet;  while  a  body  which 
has  received  permanent  magnetization  has,  in  ordinary  cases,  two 
poles,  of  which  one  is  attracted  where  the  other  is  repelled.  Mag- 
netic attractions  and  repulsions  are  exerted  without  modification 
through  any  body  which  may  be  interposed,  provided  it  be  not 
onagnetic. 

492  a.  Names  of  Poles. — The  phenomena  of  declination  and  inclina- 
tion above  described,  evidently  require  us  to  regard  the  earth,  in  a 
broad  sense,  as  a  magnet,  having  one  pole  in  the  northern  and  the 
other  in  the  southern  hemisphere.     Now  since  poles  which  attract 
one  another  are  dissimilar,  it  follows  that  the  magnetic  pole  of  the 
earth  which  is  situated  in  the  northern  hemisphere  is  diaaimilar  to 
that  end  of  a  magnetized  needle  which  points  to  the  north.     Hence 
great  confusion  of  nomenclature  has  arisen,  the  usage  of  the  best 
writers  being  opposite  to  that  which  generally  prevails.     We  shall 
call  that  end  or  pole  of  a  needle  which  seeks  the  north,  the  north- 
seeking  end  or  pole,  and  the  other  the  south-seeking  end  or  pok 
Sir  Wm.  Thomson  calls  the  north-seeking  pole  the  south  pole,  and 
the  other  the  north  pole,  because  the  former  is  similar  to  the  south, 
and  the  latter  to  the  north  pole  of  the  earth.     In  like  manner  most 
French  writers  call  the  north-seeking  pole  of  a  needle  the  austral^ 
and  the  other  the  boreal  pola     Popular  usage  in  this  countiy  calk 
the  north-seeking  end  the  north,  and  the  other  the  south  pole,  a 
nomenclature  which  introduces  great  confusion  whenever  we  have 
to  reason  respecting  the  earth  regarded  as  a  magneL     Faraday,  to 
avoid  the  ambiguity  which  has  attached  itself  to  the  names  north 
and  south  pole,  calls  the  north-seeking  end  the  marked,  and  the  other 
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Hie  unmarked  pole.  Airy,  for  a  similar  reason,  employs,  in  his  recent 
Treatise  on  Magnetiam,  the  dUtiDctive  names  red  and  hlvx  to  denote 
reflectively  the  north-seeking  and  south-seeking  ends,  these  names, 
as  well  as  those  employed  by  Faraday,  being  purely  conventional, 
mA  founded  on  the  custom  of  marking  the  north-seeking  end  of  a 
mjgnet  vith  a  tranavei-se  notch  or  a  spot  of  red  paint  Maxwell  and 
Jenkin,  in  a  report  to  the  British  Association,*  call  the  south-seeking 
pole  of  a  needle  positive,  and  the  north-seeking  pole  negative. 
493.  Haffnetio  Indnotion. — When  a  piece  of  iron  is  in  contact  with 


Vif.  417.— Indnnd  Uagsetum. 

»iiui^et,oreven  when  amagnet  is  simply  brought  near  it,  it  becomes 
itself,  for  the  time,  a  magnet,  with  two  poles  and  a  neutral  portion 
between  them.  If  we  scatter  filings  over  the  iron,  they  will  adhere 
to  its  ends,  as  shown  in  Fig.  417.  If  we  take  away  the  influencing 
magnet,  the  filings  will  fall  off,  and  the  iron  will  retain  either  no 
tnces  at  all  or  only  very  faint  ones  of  its  magnetization.  If  we  &pply 
^unilar  treatment  to  a  piece  of  steel,  we  obtain  a  result  similar  in 
some  respects,  but  with  very  important  diflerences  in  degree.  The 
Eteel,  while  under  the  influence  of  the  magnet,  exhibits  much  weaker 
effects  than  the  iron ;  it  is  much  more  difficult  to  magnetize  than  iron, 
and  does  not  admit  of  being  so  powerfully  magnetized ;  but,  on  the 
other  hand,  it  retains  its  magnetization  after  the  influencing  magnet 
W  been  -withdrawn.  _  This  property  of  retaining  magnetism  when 
oace  imparted  has  been  (somewhat  awkwardly)  named  coercive  force. 
Sl«el,  especially  when  very  hard,  possesses  great  coercive  force ;  iron, 
especially-  when  very  pure  and  soft,  scarcely  any. 

Id  magnetization  by  influence,   which  is  also  called   magnetic 

induction,  it  will  he  found,  on  examination,  that  the  pole  which  is 

tKxt  the  inducing  pole  is  of  contrary  name  to  it ;  and  it  is  on  account 

<rf  the  mutual  attraction  of  dissimilar  poles  that  the  iron  is  attracted 

'  JUport  ofEUarieal  SUmdardi  Commitftt,  Appendix  C.     1S63. 
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by  the  ma^et.  The  iron  can,  in  its  turn,  support  a  second  piece  of 
iron;  this  a^^ain  can  support  a  third,  and  so  on  throagh  many  stqie. 
A  magnetic  chun  can  thos 
be  formed,  each  of  the  com- 
ponent pieces  having  two 
polea  An  action  of  ibis 
kind  takes  place  in  the  clns- 
ters  of  filings  which  attach 
themselves  to  one  end  of  a 
magnetized  bar,  these  dus- 
ters being  composed  of  nu- 
merous chains  of  filings. 

In  comparing  the  pheno- 
mena of  magnetic  iaducUon 
with  those  of  electrical  in- 
duction, we  find  both  points 
of  resemblance  and  points 
of  difference^  In  the  case  oi 
i»,  ^i<)_M-f-"""-i"  electricity,  if  the  influenc- 

ing and  influenced  bodv 
are  allowed  to  come  in  contact,  the  former  loses  some  of  its  ovn 
charge  to  the  latter.  In  the  case  of  magnetism  there  is  no  such  loss, 
a  magnet  after  touching  soft  iron  is  found  to  be  as  strongly  magnet- 
ized as  it  was  before. 

494.  Effect  of  Bnptare  on  a  Hagnet. — If  a  magnet  is  broken  inb: 
any  number  of  pieces,  every  piece  will  be  a  complete  magnet  with 


poles  of  its  own.     In  the  cose  of  an  ordinary  bar-magnet  or  needle, 
the  similar  poles  of  the  pieces  will  all  be  turned  the  same  way,  as  in 
Fig.  419,  which  represents  a  magnet  AB  broken  into  four  pieces. 
The  ends  a,  a,  a,  a  are  of  one  name,  and  the  ends  b,  b,  b,  ft  of  the  j 
opposite  name. 

494a.  Imaginary  Hagnetio  Fluids:  Hagnetio  Potential. — All  matual 
forces  between  magnets  can  be  reduced  to  attractions  and  repnlsons 
between  different  portions  of  two  imaginary  fluids,^  one  of  which 

'  PoiWKin,  following  Coulomb,  spoke  of  (ire  magnetic  .f  uidi;  Bud  laid  down  ■  Uiw*7  of   i 


MAGNETIC  POTENTIAL.  619 

mj  be  called  posiMve  and  the  other  negative.  Neither  fluid  can 
exist  apart  from  the  other ;  every  magnet  possesses  equal  quantities 
Q{]ioi\k\  quantity  being  measured  by  force  of  attraction  or  repulsion 
at  given  distance,  just  as  in  the  case  of  electricity,  like  portions 
repelling,  and  unlike  portions  attracting  each  other  inversely  as  the 
square  of  the  distanca  Equal  quantities  of  the  two  fluids,  when 
coexisting  at  the  same  place,  produce  no  resultant  eflect,  and  may 
be  regarded  as  destroying  each  other. 

With  reference  to  these  imaginary  fluids,  rruignetic  potential  can 
be  defined  in  the  same  way  as  electrical  potential,  and  magnetic  lin^s 
of  force  possess  the  same  properties  as  electrical  lines  of  force  (§  445  a 
-445  k).    The  direction  of  magnetic  force  at  a  point  can  either  be 
defined  as  the  direction  in  which  a  pole  of  a  magnet  would  be  urged 
if  brought  to  the  point,  or  as  the  direction  in  which  a  small  magnet- 
ized needle,  if  brought  to  the  point  and  balanced  at  its  centre  of 
gravity,  would  place  its  line  of  poles;  and  lines  of  magnetic  force  are 
lines  to  which  this  direction  is  everywhere  tangential     It  is  impor- 
^t  to  remark  that  a  linear  piece  of  soft  iron,  though  it  sets  its 
length  along  a  line  of  force,  does  not  travel  along  a  line  of  force,  but 
deviates  towards  the  concave  side.     This  is  easily  shown  by  tapping 
the  card  represented  in  Fig.  412.     It  will  be  found  that  filings  placed 
on  the  line  ^7i  m  move  along  that  line,  and  therefore  at  right  angles 
to  the  lines  of  force.     The  force  which  is  specified  by  magnetic  "  lines 
of  force "  is  the  force  which  one  pole  of  a  permanent  magnet  would 
experience;  and  it  is  the  same  in  intensity,  but  opposite  in  direction, 
for  dissimilar  poles. 

494b.  Specification  of  Magnetization. — A  piece  of  steel  is  said  to  be 
^inifomUy  Tnagnetized,  if  equal  and  similar  portions,  cut  in  parallel 
directions  from  all  parts  of  it,  are  precisely  alike  in  their  magnetic 
properties. 

If  a  piece  of  magnetized  steel  be  suspended  at  its  centre  of  gravity, 
BO  as  to  be  free  to  turn  all  ways  about  it,  the  eflect  of  the  earth's 
niagnetisni  upon  it  consists  in  a  tendency  for  a  particular  line,  through 
this  centre  of  gravity,  to  take  a  determinate  direction,  which  is  the 
Erection  of  terrestrial  magnetic  force.  When  the  line  is  placed  in 
^7  other  position,  the  couple  tending  to  bring  it  back  is  proper- 
ty ftcdcm.  Sir  W.  Thomson,  avoiding  the  hypothetical  parts  of  Poisson's  theory,  speaks 
'-f  mammary  moffnetie  matter  of  two  dissiniUar  kinds.  We  have  retained  the  more  familiar 
^»attjlmd,  simply  because  it  is  more  convenient  to  speak  of  tvDO  fluids  than  of  two  kinds 
i  matter.  It  is  to  be  noted  that  we  cannot  speak  of  two  magTietisjns,  the  name  magnetism 
Uving  been  already  i4)propriated  in  a  different  sense. 
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tional  to  the  sine  of  the  angle  between  the  two  positions^  and  is  ihe 
same  for  all  directions  of  deviation.  The  line  which  possesses  this 
property  is  the  magnetic  axis  of  the  body,  and  the  name  is  sometimes 
given  to  all  lines  parallel  to  it.  If  the  piece  of  steel  be  uniformly 
magnetized,  this  axis  is  the  direction  of  magnetization;  or  the  direc- 
tion of  magnetization  is  the  common  direction  of  all  those  lines 
which  tend  to  place  themselves  along  lines  of  force  in  a  field  ^  where 
the  lines  of  force  are  parallel. 

494  c.  Ideal  Simple  Magnet:  Thin  Bar^  uniformly  and  longitudinally 
Magnetized. — The  mutual  actions  of  magnets  admit  of  very  accurate 
expression  when  the  magnets  are  very  thin  in  comparison  with  their 
length,  uniform  in  section,  and  uniformly  magnetized  in  the  direc- 
tion of  their  length.    Such  bars,  which  may  be  called  simple  magnets, 
behave  as  if  their  forces  resided  solely  in  their  ends,  which  may  there- 
fore in  the  strictest  sense  be  called  their  poles.    The  two  poles  of  any 
one  such  bar  are  equal  in  strength ;  that  is  to  say,  one  of  them  attracts 
a  pole  of  another  simple  magnet  with  the  same  force  with  which  the 
other  repels  it  at  the  same  distance.     In  the  language  of  the  two- 
fluid  theory,  the  two  fluids  destroy  one  another  except  at  the  two 
ends,  and  the  quantities  which  reside  at  the  ends  are  equal  but  of 
opposite  sign.    The  same  number  which  denotes  the  quantity  of  fluid 
at  either  pole,  denotes  the  strength  of  the  pole,  or,  as  it  is  often  called, 
the  strength  of  the  magnet.    Its  definition  is  best  expressed  by  saying 
that  the  force  between  a  pole  of  one  simple  magnet  and  a  pole  of 
another,  is  the  product  of  their  strengths  divided  by  the  square  of 
the  distance  between  them.* 

The  force  which  a  pole  of  a  simple  magnet  experiences  in  a  mag- 
netic field,  is  the  product  of  the  strength  of  tlie  pole  and  the  intensity 
of  the  field.  This  rule  applies  to  the  force  which  a  pole  experiences 
from  the  earth's  magnetism,  the  intensity  of  the  field  being  in  this 
case  the  intensity  of  terrestrial  magnetic  force ;  and,  from  the  uni- 
formity of  the  field,  the  forces  on  the  two  poles  are  in  this  case  equal, 
constituting  a  couple,  whose  arm  is  the  line  joining  the  poles  multi- 

'  AJUld  of  force  ia  any  region  of  space  traversed  by  lines  of  force ;  or,  in  other  word«, 
any  region  pervaded  by  force  of  attraction  or  repulsion.  A  moffnetic  fUld  is  any  rnpon 
pervaded  by  magnetic  force.  AU  space  in  the  neighbourhood  of  the  earth  is  a  magnetic 
field,  and  within  moderate  distances  the  lines  of  force  in  it  may  be  regarded  as  parallel, 
unless  artificial  magnets  or  pieoes  of  iron  are  present  to  produce  distarbance. 

*  We  here,  and  throughout  the  remainder  of  this  diapter,  ignore  the  existence  of  induc- 
tion, which,  however,  is  not  altogether  absent  even  in  the  haxdest  sieeL  The  effeit  of 
induction  is  always  to  favour  attraction.  The  attractions  wiU  therefore  be  somevhat 
stronger,  and  the  repulsions  somewhat  weaker,  than  our  theoiy  suppooes. 


MOMENT  OF  MAGNET.  621 

plied  by  the  sine  of  the  angle  which  this  line  makes  with  the  lines 
of  force. 

The  product  of  the  line  joining  the  two  poles  by  the  strength  of 
either  pole  is  called  the  moment  of  the  Tnagnet,  and  it  is  evident, 
from  what  has  just  been  said,  that  the  continued  product  of  the 
moment  of  the  magnet,  the  intensity  of  terrestrial  magnetic  force, 
arid  the  sine  of  tlte  angle  between  the  length  of  the  Tnagnet  and  the 
lines  of  force,  is  equal  to  the  moment  of  the  couple  which  the  earth's 
magnetism  exerts  upon  the  magnet. 

4942).  Compound  Magnet  of  nniform  Magnetization. — ^Any  magnet 
which  is  not  a  simple  magnet  in  the  sense  defined  in  §  494  c  may  be 
called  a  com^pound  mxxgnet  It  is  convenient  to  define  the  moment 
of  a  compound  magnet  by  the  condition  stated  in  the  concluding 
words  of  that  section,  so  that  the  moments  of  different  magnets, 
whether  simple  or  compound,  may  be  compared  by  comparing  the 
couples  exerted  on  them  by  terrestrial  magnetism  when  their  axes 
are  equally  inclined  to  the  lines  of  force. 

If  a  number  of  simple  magnets  of  equal  strength  be  joined  end  to 
end,  with  their  similar  poles  pointing  the  same  way,  there  will  be 
mutual  destruction  of  the  two  imaginary  fluids  at  every  junction, 
and  the  system  will  constitute  one  simple  magnet  of  the  same  strength 
as  any  one  of  its  components ;  but  its  moment  will  evidently  be  the 
sam  of  their  moments. 

If  any  number  of  simple  magnets  be  united,  either  end  to  end  or 
side  to  side,  provided'  only  that  they  are  parallel,  and  have  their 
smilar  poles  turned  the  same  way,  the  resultant  couple  exerted  upon 
the  whole  system  by  terrestrial  magnetism  will  (§  14)  be  the  sum  of 
the  separate  couples  exerted  on  each  simple  magnet,  and  the  moment 
of  the  system  will  be  the  sum  of  the  moments  of  its  parts.  But  any 
piece  of  uniformly  magnetized  material  may  be  regarded  as  being 
thus  built  up,  and  hence,  if  different  portions  be  cut  from  the  same 
nniformly  magnetized  mass,  their  moments  will  be  simply  propor- 
tional to  their  volumea  The  quotient  of  moment  by  volume,  for  any 
umforndy  magnetized  mass,  is  called  intensity  of  magnetization^ 

494  E.  Actual  Magnets. — The  definitions  and  laws  of  simple  magnets 
are  approximately  applicable  to  actual  magnets,  when  magnetized 
in  the  usual  manner. 

If  an  actual  bar- magnet  in  the  form  of  a  rectangular  parallelopiped 
*ere  magnetized  with  perfect  uniformity,  and  in  the  direction  of  its 
i^gth,  it  might  be  regarded  as  made  up  of  a  number  of  simple 
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magnets  laid  side  by  side,  and  its  behaviour  would  be  represented  by 
supposing  a  complete  absence  of  magnetic  fluid  from  all  parts  of  it 
except  its  ends  (in  the  strict  mathematical  sense).     One  of  these  ter- 
minal faces  would  be  covered  with  positive,  and  the  other  with 
negative  fluid,  and  if  the  magnet  were  broken  across  at  any  part  of 
its  length,  the  quantities  of  positive  and  negative  fluid  on  the  bTokeu 
ends  would  be  the  same  as  on  the  ends  of  the  complete  magnet  The 
observed  fact  that  magnets  behave  as  if  the  fluids  were  distributed 
through  a  portion  of  their  substance  in  the  neighbourhood  of  the  ends» 
and  not  confined  to  the  ends  strictly  so  called,  indicates  a  falling  off 
in  magnetization  towards  the  extremities,  and  is  approximately  repre- 
sented by  conceiving  of  a  number  of  short  magnets  laid  end  to  end, 
and  falling  off  in  strength  towards  the  two  extremities  of  the  series.^ 
The  resultant  force  due  to  the  imaginary  magnetic  fluids  which  are 
distributed  through  the  terminal  portions  of  an  actual  bar-magnet  is, 
in  the  case  of  actions  at  a  great  distance,  sensibly  the  same  as  if  the 
two  portions  of  fluid  were  collected  at  their  respective  centres  of 
gravity.     These  two  centres  of  gravity  are  the  poles  of  the  magnet 
for  all  actions  between  the  magnet  and  other  magnets  at  a  great 
distance,  and  more  especially  between  the  magnet  and  the  earth. 
•    The  moment  of  any  magnet,  however  irregular  in  its  magnetiza- 
tion, may  be  defined  by  reference  to  the  expression  given  in  §  494c 
for  the  couple  exerted  on  the  body  by  terrestrial  magnetism.    This 
couple  is  M I  sin  a,  where  I  denotes  the  intensity  of  terrestrial  mag- 
netic force,  a  the  inclination  of  the  magnetic  axis  of  the  body  to  the 
lines  of  the  earth's  magnetic  force,  and  M  the  moment  which  we  are 
defining 

^  Thus  the  last  magnet  at  the  positive  end  being  weaker  than  its  neighbour,  its  negative 
pole  will  be  weaker  than  its  neighbour's  positive  pole,  so  that  there  will  be  an  exoese  d 
positive  fluid  at  this  junction.  Similar  reasoning  applies  to  all  the  janctions  near  the  ends. 
There  will  be  an  excess  of  positive  fluid  at  aU  junctions  near  the  poflitiye  end,  and  u 
excess  of  negative  at  all  junctions  near  the  negative  end. 
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The  Earth's  Force  simply  Directive. — The  forces  which  pro- 
le  orientation  of  a  magnet  depend  upon  causes  of  which  very 
J  known.  They  are  evidently  connected  in  some  way  with 
tb,  and  are  accordingly  referred  to  TERRESTRIAL  MAGNETISM. 
e  already  stated  (§  494  b)  that  the  combined  effect  of  the  forces 
hy  terrestrial  magnetism  upon  a  magnetized  needle  is  equi- 
>  a  couple  tending  to  turn  the  needle  into  a  particular  direc- 
I  (§  494  e)  that  in  the  case  of  needles  magnetized  in  the 
way^  there  are  two  definite  points  or  poles  (near  the  two 
he  needle)  which  may  be  regarded  as  the  points  of  applica- 
e  two  equal  forces  which  constitute  the  coupla 
:t  that  terrestrial  magnetic  force  simply  tends  to  turn  the 
d  not  to  give  it  a  movement  of  translation,  in  other  words, 
(sultant  force  (as  distinguished  from  couple)  is  zero,  is  com- 
•ved  by  the  two  following  experiments: — 
bar  of  steel  is  weighed  before  and  after  magnetization,  no 
ound  in  its  weight.  This  proves  that  the  vertical  Com- 
oro. 

)ar  of  steel,  not  magnetized,  is  suspended  by  a  long  and 
the  direction  of  the  thread  is  of  course  vertical.  If  the 
nag'netized,  the  direction  of  the  thread  still  remains  ver- 
Qost  rigorous  tests  fail  to  show  any  change  of  its  position. 
that  the  horizontal  component  is  zero,  a  conclusion  which 
led  by  floating  a  magnet  on  water  by  means  of  a  cork. 
ind  that  there  is  no  tendency  to  move  across  the  water 
Lilar  direction. 

^ntal.  Vertical,  and  Total  Intensities. — If  S  denote  the 
nagnet^  and  I  the  intensity  of  terrestrial  magnetic  force, 
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each  pole  of  the  magnet  experiences  a  force  SI,  and  if  L  denote  tbe 
distance  between  the  poles  (often  called  the  length  of  the  magnet], 
the  distance  between  the  lines  of  action  of  these  two  parallel  and 
opposite  forces  may  have  any  yalue  intermediate  between  L  and  zero, 
according  to  the  position  in  which  the  needle  is  held.  It  will  be  zero 
when  the  line  of  poles  is  that  of  the  dipping-needle ;  it  will  be  L 
when  the  line  of  poles  is  perpendicular  to  the  dipping-needle;  and 
will  be  L  sin  a  when  the  line  of  poles  is  inclined  at  any  angle  a  to 
the  dipping-needle. 

The  force  SI  upon  either  pole  of  the  magnet  acts  in  the  direction 
of  the  dipping-needle ;  in  other  words,  in  the  direction  of  the  lines  of 
force  due  to  terrestrial  magnetisnt  Let  i  denote  the  dip,  that  is  the 
inclination  of  the  lines  of  force  to  the  horizon,  then  the  force  SI  can 
be  resolved  into  SI  cos  ^  horizontal,  and  SI  sin  i  vertical  Hence 
the  horizontal  and  vertical  intensities  H  and  Y  are  connected  with 
the  total  intensity  and  dip  I  and  i  by  the  two  equations 

H  =  Ico88        ,        VBldnS  (1) 

which  are  equivalent  to  the  following  two 

g  =  tan«        ,        V«+H»=I*.  (2) 

497.  Torsion-balance. — Coulomb,  in  investigating  the  laws  of  the 
mutual  action  of  magnets,  employed  a  torsion-balance  scarcely  dif- 
fering from  that  which  he  used  in  his  electrical  researche&    The 
suspending  thread  earned,  at  its  lower  end,  a  stirrup  on  which  a 
magnetized  bar  was  laid  horizontally.      The  torsion-head  was  so 
adjusted  that  one  end  of  the  magnet  was  opposite  the  zero  of  tbe 
divisions  on  the  glass  case  when  the  supporting  thread  was  without 
torsion.     In  order  to  effect  this  adjustment,  the  magnet  was  first 
suspended  by  a  thread  whose  torsional  power  was  inconsiderable,  so 
that  the  magnet  placed  itself  in  the  magnetic  meridian     The  case 
was  then  turned  till  its  zero  came  to  this  position.     The  torsionless 
thread  was  then  replaced  by  a  fine  metallic  wire,  and  the  magnet 
was  replaced  by  a  copper  bar  of  the  same  weight.     The  head  was 
then  turned  till  this  bar  came  into  the  magnetic  meridian,  and  lastly 
the  magnet  was  put  in  the  place  of  the  bar. 

Fig.  420  shows  the  arrangement  adopted  for  observing  the  repul- 
sion or  attraction  between  one  pole  of  the  suspended  magnet  and  one 
pole  of  another  magnet  placed  vertically.  Before  the  insertion  of 
the  latter,  the  suspended  magnet  was  acted  on  by  no  horizontal 
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:» except  the  horizontal  component  of  terrestrial  magnetism  and 
torsion  of  the  wire.     It  was  then  found  that  the  torsion  requisite 
keeping  the  magnet  ia  any  position  was  proportional  to  the  sine 
be  displacement  from  the  meridian. 
bis  result  b  evidently  in  accordance  with  the  principles  stated 


Fig.  tm, — Tonim-biiliuiMb 

>r  the  two  equal  horizontal  forces  on  the  two  poles  being 
for  all  positions,  the  couple  which  they  compose  is  propor- 
the  distance  between  their  lines  of  action,  and  this  distance 

tly  L  sin  9,  L  denoting  the  constant  distance  between  the 

1  0  tbe  deviation  of  the  needle  &om  the  meridian. 

'easurement  of  Declination. — Magnetic  declination  has  been 

Mrith  several  different  forms  of  apparatus. 

the  most  common  method  of  determining  it  has  consisted 

ng-  the  magnetic  bearing  of  the  rising  or  setting' sun,  and 
this  w^ith  its  true  bearing  as  calculated  by  a  well-known 

;a.l  method. 

e  accurate  determination  on  land,  the  declination  compass 

ton  theodolite^  (Fig.  422)  has  been  frequently  employed 

e^    cnatoBta  of  k  teleacope  mounted  u>  u  to  hare  mdependent  motiom  in 
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When  the  iastrumeat  is  set  by  the  help  of  astronomical  observatioM, 
so   that  the   vertic&l  plane  ia 
which    the   telescope   LL'  (or 
more  accurately  its  line  of  col- 
limation)  moves,  coiocides  \cith 
the  geographical  meridian,  the 
ends  of  the  needle  indicate  the 
declination    on    the   graduated 
circle   over  which  they  move. 
This  circle  in  fact  turns  witti 
the  telescope,  the  line  of  0°  and 
180°  na  being  alw&ys  in  tU 
same   vertical    plane  with  the 
line  of  collimation  of  the  tele- 
scope.     The    external   divided 
circle  PQ  is  nsed  for  setting  the 
instrument  in  the  meridian. 
Fig.  *M.— Dwibutioo  TheodoUta.  At  fixed   obscFvatories  more 

accurate  methods  of  obsen'ation 
are  employed  Fig.  422a  shows  the  arrangement  adopted  at  Green- 
wich.   A  bar-magnet  B  carries  at  one  end  a  cross  of  fine  threads  0,  and 


uimuth  and  altitude,  the  omounti  o[  these  motioiu  being  indicated  by  divided  dida  r 

arce  of   circles.      It  does  not  differ  eaaentiallj  from  the  Uigfer 

aUaximutk. 
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the  other  a  lens  D,  the  distance  between  them  being  equal  to  the 
il  length  of  the  lens,  thus  forming  a  kind  of  inverted  telescope, 
)se  line  of  eoUimation  is  the  line  joining  the  cross  to  the  optical 
;re  of  the  lena  The  bar  is  suspended  by  means  of  a  stirrup  from  a 
ionless  thread,  and  sets  its  magnetic  axis  in  the  magnetic  meridian. 
telescope  E,  with  theodolite  mounting,  is  stationed  opposite  the 
a^-hich  carries  the  lens,  and  is  so  adjusted  at  each  observation  that 
ne  of  eoUimation  is  parallel  to  that  of  the  inverted  telescope 
d  by  the  magnet,  an  adjustment  which  is  identified  by  seeing 
OSS  C  coincident  with  a  similar  cross  fixed  in  the  interior  of  the 
)pe  E.  When  the  observation  has  been  made  with  the  magnet 
position,  it  must  be  repeated  with  the  magnet  turned  upside 
as  shown  in  the  figure.  Error  of  parallelism  between  the 
'ic  axis  of  the  bar  and  the  line  of  eoUimation  of  the  inverted 
)e  which  it  carries,  will  affect  these  two  observations  to  the 
:tent  in  opposite  directions,  and  will  therefore  disappear  from 
ean.  The  readings  are  taken  on  a  horizontal  circle  corre- 
y  to  the  outer  circle  in  Fig.  422,  and  astronomical  observa- 
jst  be  made  once  for  all  to  determine  what  reading  corre- 
3  the  geographical  meridian. 

sr  very  accurate  method  consists  in  rigidly  attaching  to  the 
ad  of  the  lens  and  cross,  a  small  vertical  mirror.  This  can 
viewed  through  a  telescope,  so  as  to  show  the  reflection  of 
>al  scale  of  equal  parts,  which  will  appear  to  travel  across 
)f  view  of  the  telescope  as  the  magnet  turns,  or  it  can  be 
to  throw  the  image  of  a  spot  of  light  either  upon  a  screen 
the  observer,  or  still  better  upon  photographic  paper  drawn 
>rk,  which  leaves  a  permanent  record  of  continuous  changes, 
methods  of  employing  mirrors  for  the  observation  of  small 
of  rotation  are  now  extensively  employed  in  many  appli- 
hey  appear  to  have  been  first  introduced  by  Gauss,  who 
I  em  for  tlie  purpose  which  we  are  now  considering. 
nrement  of  Dip. — The  dip-circle  or  inclination  compass  is 
in  Fig.  423.  It  consists  essentially  of  a  magnetized 
accurately  and  delicately  mounted  on  a  horizontal  axis 
centre  of  gravity,  in  the  centre  of  a  vertical  circle  on 
>sitions  of  the  two  ends  of  the  needle  can  be  read  off. 
in  be  turned  with  the  needle  into  any  azimuth,  the 
•taction  being  indicated  by  a  horizontal  circle.  It  is 
If  tbe  vertical  circle  is  placed  in  the  plane  of  the  mag- 


628  ESPEBDCENTAL  DETAILS. 

netic  meridian,  the  needle,  being  free  to  move  in  this  plane,  will 
directly  indicate  the  dip.     On  the  other  hand,  if  the  vertical  circle 
is  placed  in  a  plane  perpendicular  to  the  magnetic  meridian,  tbe 
horizontal  component  of  terrestrial  magnetism  is  prevented  from 
moving  the  needle,  which,  accordingly,  obeys  the  vertical  componcDt 
only,  and  takes  a  vertical  position.     In  intermediate  positions  of  the 
vertical  circle,  the  needle  will  assume  positions  intermediate  betweeD 
the  vertical  and  the  true  angle  of 
dip.      In  fact,   if  fl  be  the  angle 
which  the   plane   of  the  vertical 
circle   makes  with   the   magnetic 
meridian,  the  component  E  sin  t 
of  terrestrial  magnetism,  being  per- 
pendicular to  this   plane,   merely 
tends  to  produce  pressure  agdnst 
the   supports,  and  the  horizontal 
component  influencing  the  position 
of  the  needle  is  only  H  cos  fl,  which 
lies  in  the  plane  of  the  circle.    As    . 
none  of  the  vertical   force  is  de-    | 
sti'oyed,  the  tangent  of  the  appar- 

most  accurate  naethod  of  setting 
the  vertical  circle  in  the  magnetic  meridian  consists  in  first  adjust- 
ing it  so  that  the  needle  takes  a  vertical  position,  and  then  tumin;  I 
it  through  90°. 

The  instrument  having  thus  been  set,  and  a  reading  taken  at  each 
end  of  the  needle,  it  should  be  turned  in  azimuth  through  180°,  ani  I 
another  pair  of  readings  taken.     By  employing  the  mean  of  tlie^e 
two  pairs  of  readings,  several  sources  of  error  are  eliminated,  includ- 
ing non-coincidence  of  the  axis  of  magnetization  with  the  line  joining  I 
the  ends  of  the  needle.     One  important  source  of  error— deviation  of 
the  centre  of  gravity  from  the  axis  of  suspensioo  in  a  direction 
parallel'  to  the  length  of  the  needle,  is,  however,  not  thus  corrected  , 
It  can  only  be  eliminated  by  remagnetizing  the  needle  in  the  reverse 
direction  so  as  to  interchange  its  poles.     The  meao  of  the  results 
obtained  before  and  after  the  reversal  of  its  magnetization  will  be  , 
the  true  dip. 

A  better  form  of  instrument,  known  as  the  Eew  dip-circle,  ia  now 
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employed.     Its  essential  parts  are  represented  in  Fig.  423  A.     There 

ia  no  metal  near  the  needle,  and  the  readings  are  taken  on  a  circle 

iDond  which  two  telescopes 

IraveL    In  each  observation 

the  telescopes  are  directed  to 

(be  two  ends  of  the  needle. 
500a.  Heasnrement  of  In- 

tesBity  of  Terrestrial  Ma^ 

nrtic  Force. — The  complete 

specification   of  the  earth's 

magnetic  force  at  any  place 

involves  three  independent 
elementa  For  example,  if 
declination,  dip,  and  hori- 
zontal force  are  determined 
bj' observation,  vertical  force 
uid  total  force  can  be  cal- 
culated by  the  formula  of 
§496. 

Observations  of  magne- 
tic force  are  made  either  by 
coanting  the  number  of  vi- 
brations executed  in  a  given  pig.tiSL-KairDJiMiinda, 
time,  or  by  statical  mea- 
surements. If  a  magnet  executes  small  horizontal  vibrations  under 
the  influence  of  the  earth's  magnetism,  the  square  of  the  number  of 


lir>nzoDtal  intensity,  M  the  moment  of  the  magnet,  and  fi  its  moment 
of  inertia  about  the  centre  of  suspension.  Hence  it  is  easy  to  observe 
ilie  variations  of  horizontal  intensity  which  occur  from  time  to  time, 
ii'  we  can  insure  that  our  magnet  itself  shall  undergo  no  change,  or 
if  we  have  the  means  of  correcting  for  such  changes  as  it  undergoes. 
To  obtain  absolute  determinations  of  horizontal  intensity,  the  fol- 
hwiag  method  is  employed. 

First,  observe  the  time  of  vibration  of  a  freely-suspended  horizon- 
uj  magnet  under  the  infiuence  of  the  earth  alone, — this  will  give  the 
y>vduct  of  the  earth's  horizontal  intensity  and  the  moment  of  the 
Kagnet 

Secondly,  employ  this  same  magnet  to  act  upon  another  also  freely 
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suspended,  and  thus  compare  its  influence  with  that  of  the  earfcb,— 
this  will  give  the  ratio  of  the  same  two  quantities  whose  product 

was  found  before.    Hence  the  two  quantities 
themselves  can  easily  be  computed. 

500  B.  Bifilar  and  Balance  Magnetometers. 
— The   changes  of  horizontal  intensity  are 
measured  statically  by  means  of  the  hifilar 
Tnagnetometer,    This  consists  of  a  bar-magnet 
(Fig.  423  b)  suspended  by  two  threads,  which 
would  be  parallel  if  the  bar  were  unmagne- 
tized,  but  matters  are  so  arranged  that,  un- 
der the  combined  action  of  the  pull  of  the 
threads,    the   weight   of  the   bar,   and  the 
earth's  magnetism,  the  bar  is  kept  in  a  posi- 
tion nearly  perpendicular  to  the  magnetic 
meridian.    The  only  changes  which  occur  in 
its  position  from  time  to  time  are  those  due 
to  changes  in  the  intensity  of  the  earth's 
Fig.  423B.-Bifiiar  Magnetometer,  horizontal  forcc,  chaugcs  lu  the  direction  of 

this  force,  to  the  extent  of  a  few  minutes  of 
angle,  having  no  sensible  eflfect,  on  account  of  the  near  approach  to 
perpendicularity. 

The  changes  of  vertical  intensity  are  measured  by  the  bahmct- 
magnetometer,  which  consists  of  a  bar-magnet  placed  in  the  magnetic 
meridian  and  suspended  on  knife-edges  like  the  beam  of  an  ordinary 
balance.  Its  deviations  from  horizontality  are  measures  of  the 
changes  of  vertical  intensity. 

Both  these  instruments  have  mirrors  attached  to  the  magnet,  which 
produce  a  photographic  record  of  the  movements  of  the  magnet,  on 
principles  above  explained. 

The  moment  of  a  magnet  varies  with  temperature,  being  dimin- 
ished by  something  like  one  ten-thousandth  part  of  itself  for  each 
degree  Fahr.  of  increase,  and  increasing  again  at  the  same  rate  when 
the  temperature  falls.  Hence  magnetic  observatories  must  be  kept 
at  a  nearly  uniform  temperature.  They  must  also  be  completely  free 
from  iron.  No  iron  nails  are  allowed  to  be  used  in  their  construc- 
tion, copper  being  employed  instead. 
500  c.  Results  of  Observation. — The  annexed  figures^  contain  an 

^  For  Figs.  422  a,  423  a,  b,  c,  d,  we  are  indebted  to  the  pubUshen  of  Aiiy*!  TrtatiM 
on  Magnetism. 


He— Northan  H«mljph«*. 
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approximate  representation  of  the  magnetic  meridians  and  lines  o! 
equal  dip  over  both  hemispheres  of  the  earth.     These  two  systems  of 
lines  combined,  furnish  a  complete  specification  of  the  direction  of 
magnetic  force  at  all  parts  of  the  earth's  surface;  but  they  indicate 
nothing  as  to  intensity.     The  curves  of  equal  total  intensity  have  a 
general  resemblance  to  the  lines  of  equal  dip,  the  intensity  being 
greatest  near  the  poles,  and  least  near  the  equator;  but  their  arrange- 
ment is  somewhat  more  complicated,  there  being  two  north  poles  of 
greatest  intensity,  one  in  Canada,  and  the  other  in  the  northern  part 
of  Siberia.     Speaking  roughly,  the  intensity  near  the  poles  is  about 
double  of  the  intensity  near  the  equator.     Curves  of  equal  total 
intensity  are  often  called  isodyriamic  lines;  curves  of  equal  dip  are 
often  called  isocli/rdc  lines ;  curves  of  equal  declination  are  often  called 
iaogonic  lines;  curves  cutting  the  magnetic  meridians  at  right  angl^ 
are  often  called  magnetic  parallels.    They  are  the  lines  which  would 
be  traced  by  continually  travelling  in  the  direction  of  magnetic  east 

or  west. 

500  D.    The  Earth  as  a  Magnet^— 
The  intensity  and  direction  of  tene^ 
trial  magnetic  force  at  different  places 
may  be  roiighly  represented  by  sup^ 
posing  that  there  is  a  magnet  rr'  (Fig. 
421)  at  the  earth's  centre,  having  a 
length  very  small  in  comparison  with 
the  earth's  radius,  and  making  an  an^ 
of  about  20"*  with  the  earth's  axis  of 
rotation.    The  points  A  and  B  obtained 
by  producing  this  magnet  longitudin- 
ally to  meet  the  surface,  would  be  tbe 
magnetic  poles,  and  at  any  other  place 
the  magnetic  meridian  would  be  the 
vertical  plane  containing  the  magnetic  axis  AB.     At  places  situated 
on  the  great  circle  whose  plane  contains  both  the  axis  of  rotation  and 
the  magnetic  axis,  the  magnetic  meridian  would  coincide  with  the 
geographical  meridian,  and  the  declination  would  be  zero.    At  any 
other  place  M,  the  two  meridians  would  cut  each  other  at  an  angle 
which  would  be  the  angle  of  declination.    At  all  places  on  the  great 
circle  c  t  whose  plane  is  perpendicular  to  the  magnetic  axis,  a  needle 

^  This  section  corresponds'to  §  498  in  the  originaL    The  hypotheas  which  it  describes 
is  known  as  Bio€t  hypothetU, 


Fig.  421.— Blot's  Hypothesis. 
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suspended  at  its  centre  of  gravity  would  place  itself  parallel  to  this 
axis,  and  consequently  the  dip  would  be  zera  This  circle  would 
be  the  magnetic  equator.^  It  would  cut  the  geographical  equator  at 
an  angle  of  20*^.  Proceeding  from  the  magnetic  equator  towards  the 
north  magnetic  pole  B,  the  needle  would  dip  more  and  more,  until 
at  B  it  became  vertical  A  declination  needle  at  B  would  remain 
indifferently  in  all  positiona  Similar  phenomena  would  be  observed 
at  the  other  magnetic  pole  A.  The  end  of  the  needle  which  would 
dip  at  B,  and  which  at  other  parts  of  the  earth  would  point  to 
magnetic  north,  is  that  which  is  similar  to  the  southern  pole  v  of  the 
terrestrial  magnet  tv,  and  the  pole  which  is  similar  to  »  would  dip 
atA 

The  actual  phenomena  of  terrestrial  magnetism  are  not  in  very 
close  agreement  with  the  results  which  would  follow  from  the  pre- 
sence of  such  a  magnet  as  we  have  described  in  the  earth  s  interior, 
nor  do  they  agree  well  with  the  hypothesis  of  two  interior  magnets 
inclined  at  an  angle  to  each  other,  which  has  also  been  proposed. 
It  would  rather  appear  that  the  earth's  magnetism  is  distributed  in 
a  manner  not  reducible  to  any  simple  expression. 

501.  Changes  of  Declination  and  Dip. — Declination  and  dip  vary 
greatly  not  only  from  place  to  place,  but  also  from  time  to  time. 
Thus  at  the  date  of  the  earliest  recorded  observations  at  Paris,  1580, 
the  declination  was  about  IV  30'  E.  In  1663  the  needle  pointed 
due  north  and  south,  so  that  Paris  was  on  the  line  of  no  declination. 
Since  that  time  the  declination  has  been  west,  increasing  to  a 
loaximum  of  22''  S4s\  which  it  attained  in  1814.  Since  then  it  has 
:'ODe  on  diminishing  to  the  present  time,  its  present  value  being 
about  19^  W. 

As  to  dip,  its  amount  at  Paris  has  continued  to  diminish  ever  since 

^twas  first  observed  in  1671.     From  75°  it  has  fallen  to  66°,  its  pre- 

•^nt  valua     As  its  variations  since  1863  have  been  scarcely  sensible, 

t  would  seem  to  have  now  attained  a  minimum,  to  be  followed  by 

^  gradual  increase. 

501  A.  Ma^^etic  Storms. — Besides  the  gradual  changes  which  occur 
-n  terrestrial  magnetism,  both  as  regards  direction  and  intensity  of 
''"'Tce,  in  the  course  of  long  periods  of  time,  there  are  minute  fluctua- 

"  If  Utitude  reckoned  from  the  magnetic  equator  be  called  magnetic  latitude,  and  de- 
C'4ed  Ij  \  it  can  be  shown  that  we  should  have,  on  this  theory, 

tand=:2tanX  ;  I  =  E  ^    cos*  X  +  ^sin^, 

E  deootmg  the  intennty  at  the  magnetic  equator. 
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tiona  continually  traceable.  To  a  certain  extent  these  are  dependent 
on  the  varying  position  of  the  sun,  and,  to  a  much  smaller  extent,  o( 
the  moon,  with  respect  to  the  place  of  observation ;  but  over  and 
above  all  regular  and  periodic  changes,  there  is  a  large  amount  of 
irregular  fluctuation,  which  occasionally  becomes  so  great  as  to  con- 
stitute what  is  called  a  magnetic  etomi.  Magnetic  storms  "aie  not 
connected  with  thunder-storms,  or  any  other  known  disturbance  of 
the  atmosphere;  but  they  are  invariably  connected  with  exhibitions 
of  aurora  borealis,  and  with  spontaneous  galvanic  currents  in  the 
ordinary  telegraph  wires ;  and  this  connection  is  found  to  be  so  cer- 
tain, that,  upon  remarking  t!ie  display  of  one  of  the  three  classes  of 
phenomena,  we  can  at  once  assert  that  the  other  two  are  olaervatt* 
(the  aurora  borealis  sometimes  not  visible  here,  but  certainly  visihle 
in  a  more  northern  latitude)."^  They  are  sensibly  the  same  A 
stations  many  miles  apart,  for  example  at  Greenwich  and  Kew,  and 
tliey  affect  the  direction  and  amount 
of  horizontal  much  more  thaa  of 
vertical  force. 

SOS.  Ship's  GompasB.—Inaship's 
compass,  the  box  cc  which  contain.; 
the  needle  is  weighted  lielow,  and 
hung  on  gimbals,  which  con^  of 
two  rings  so  an-anged  as  to  admit 
of  motion  about  two  independent 
horizontal  axes  it,  uu  at  right 
angles  to  each  other.  Thb  arrange- 
Inent  prevents  it  from  being  tilted 
by  the  pitching  and  rolling  of  the 
ship.  The  needle  ab  is  firmly  at- 
tached to  the  corapass-card,  which  i^- 
a  circular  card  marked  witli  the  Zi 
points  of  the  compass,  as  in  Fi^. 
425,  and  also  usually  divided  at  ii< 
circumference  into  360  degrer* 
The  card  with  its  attached  needl4 
is  accurately  balanced  on  a  point 
at  its  centre.  The  needle,  which,  in  actual  use,  is  concealed  from 
view,  lies  along  the  line  NS.  The  box  contains  a  vertical  mark  iu 
its  interior  on  the  side  next  the  ship's  bow ;  and  this  mark  serves  as 

'  Airy  on  Magnttitm,  p.  204. 


.— SMp'i  Compua. 


METHODS  OP  MAGNETIZATION.  635 

m  index  for  reading  off  on  the  card  tbe  direct^ion  to  which  the  ship's 
head  is  turned.  Sometimes  a  reflector  is  employed,  oa  m  in  the  first 
figure,  in  such  a  position  that  , 

an  observer  lookiog  in  from  '"         "  ^ 

behind  can  read  oflF  the  indi- 
cated direction  by  reflection, 
and  can  at  the  same  time  sight  l{>^ 
»  distant  object  whose  mag- 
netic bearing  is  required.    The 
origin  of  the  compass  is  very     "W. 
obscure.     The  ancients  were 
aware  that  the  loadstone  at-      ^^ 
tracted  iron,  but  were  ignor- 
ant  of  its  directing  property. 
The  instrument  came  into  use 
in  Europe  some  time  in  the 
eouRe  of  the  thirteenth  cen-  „ 

Fig.  42Q.^Campui-CKiii. 

turj'. 

603.  Methods  of  Magnetization. — ^The  usual  process  of  magnetizing 
a  bar  consists  in  rubbing  it  with  or  against  a  bar  already  magnetized. 
Different  methods  of  doing  this,  called  single  touch,  double  touch,  &a, 
fiave  been  devised,  in  which  magnetized  bars  of  steel  were  the  mag 
netizing  agents.  Much  greater  power  can,  however,  be  obtained  by 
means  of  electro-magnetism ;  and  the  two  following  methods  are  now 
almost  exclusively  employed  by  the  makers  of  magnets. 

1.  A  fixed  electro-magnet  {Fig.  427)  is  employed,  and  the  bar  to 


Hathodi  of  Kngnetluti 


%  ma^etized  is  drawn  in  opposite  directions  over  its  two  poles. 
£ach  stroke  tends  to  develop  at  the  end  of  the  bar  at  which  the 
aolion  ceases,  the  opposite  magnetism  to  that  of  the  pole  which  is 
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ia  contact  with  it     Fence  strokes  in  opposite  diiectiocs  over  the 
two  contrary  poles  tend  to  magnetize  tte  bar  tiie  same  way. 

2.  When  very  intense  magnetization  is  to  be  produced,  tlie  electro- 
magnet must  be  very  powerful,  and  the  bar  then  adheres  to  it  bo 
strongly  tliat  the  operation  above  described  becomes  difficult  of  exe- 
cution, besides  Bcratcbing  the  bar.  Hence  it  is  more  convenient  to 
more  along  the  bar,  as  in  Fig.  428,  a  coil  of  wire  through  vrliich  a 
current  is  passing.  This  was  the  method  employed  by  Arago  and 
Ampfere. 

A  bar  of  steel  is  said  to  be  magnetized  to  saturation,  when  its 
magnetization  is  as  intense  as  it  is  able  to  retain  without  sensible 
loss.  It  is  possible,  by  means  of  a  powerful  m^net,  to  magnetize  a 
bar  considerably  above  saturation;  but  in  this  case  it  rapidly  loses 
intensity. 

Pieces  of  iron  and  steel  frequently  become  magnetized  temponirUy 
or  permanently  by  the  influence  of  the  earth's  magnetism,  and  this 
action  is  the  more  powerful  as  the  direction  of  their  length  more 
nearly  coincides  with  that  of  the  dipping-needle.  If  fire-irons  which 
have  usually  etood  in  a  nearly  vertical  position  be  examined  by  their 
influence  on  a  needle,  they  will  generally  be  found  to  have  acquired 
some  permanent  magnetism,  the  lower  end  being  that  which  seeks 
the  north. 

It  sometimes  happens  that,  either  from  some  peculiarity  in  the 
structure  of  a  bar,  or  from  some  irregularity  in  the  magnetizing  pro- 


Fig.  4a<.— Ccaugqumt  FoiuU. 

cess,  a  reveisal  of  the  direction  of  magnetization  occurs  in  some  pari 
or  parts  of  the  length  as  compared  with  the  rest  In  this  case  thi 
magnet  will  have  not  only  a  pole  at  each  end,  but  also  a  pole  at  eacl 
point  where  the  reversal  occurs.  These  intermediate  poles  are  cnllet 
consequent  poiTits.  Fig.  429  represents  the  arrangement  of  iron 
filings  about  a  bar-magnet  which  has  two  consequent  points  a',  b 
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The  vbole  bar  may  be  regarded  as  consistiiig  of  three  magn 
end  to  end,  the  eods  which  are  in  contact  beiog  similar  poles. 
the  two  poles  at  a'  and  the  one  pole  at  a  are  of  one  kind,  w 
tvo  poles  at  b'  and  the  one  pole  at  b  are  of  the  opposite  kind 
The  lifting   power  (or  portative  force)  of  a  magnet   g( 
mcreases  with  its  size,  but  not  in  simple  proportion,  small  t 
being  usually  able  to  sustain  a  greater  mul- 
tiple of  their  own  weight  than  large  ones. 
Hence  it  has  been  found  advantageous  to 
conatnict  compound  magnets,  consisting  of  a 
nomber  of  thin  bars  laid  side  by  side,  with 
tbeir  similar  poles  all   pointing  the   same 
way.     Fig.  430  represents 
such  a  compound  magnet 
composed   of  twelve   ele- 
mentary    bars,    arranged 
4x3.     Their  ends  are  in- 
serted  in  masses   of  soil 
iron,    the    extremities    of 
which  constitute  the  poles 
of  the  system. 

Fig.  431  represents  a 
compound  horse-shoe  mag- 
net, whose  poles  N  and  S 
support  a  keeper  of  soft 
iron,  from  which  is  hung 
a  bucket  for  holding 
weights.  By  continually  „,„,_„^,^ 
adding  fresh  weights  day  uagHt. 

after  day,  the  magnet  may 
be  made  to  carry  a  much  greater  load  than  it  could  have  su 
originally;  but  if  the  keeper  is  torn  away  from  the  magnet,  t1 
nonal  power  is  instantly  lost,  and  the  magnet  is  only  able  to 
its  original  load. 

Much  attention  was  at  one  time  given  to  methods  of  o\ 
Eteel  magnets  of  great  power.  These  researches  have  no 
•raperseded  by  electro-magnetism,  which  affords  the  means  of 
ing  temporary  magnets  of  almost  any  power  we  pleasa 

503  a.  Moleonlar  Obanges  accompanying  Hagnetization.— J< 
^bown   that,  when  a  bar  of  iron  is  magnetized  longitudii 
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acquires  a  slight  increase  of  length,  compensated,  however,  by  trans- 
verse contraction,  so  that  its  volume  undergoes  no  change. 

If  the  magnetization  is  effected  suddenly,  by  completing  an  electric 
circuit,  an  ear  close  to  the  bar  hears  a  clink,  and  another  dink  h 
heard  when  the  current  is  stopped. 

These  phenomena  have  been  accounted  for  by  the  hypothesis  that, 
when  iron  is  magnetized,  its  molecules  place  their  longest  dimensions 
in  the  direction  of  magnetization. 

The  effect  of  heat  in  diminishing  the  strength  of  a  magnet  is 
another  instance  of  the  connection  between  magnetism  and  other 
molecular  conditions.  In  ordinary  cases,  this  diminution  is  merely 
transient;  but  if  a  steel  magnet  is  raised  to  a  white-heat,  it  is  per- 
manently demagnetized. 

504.  Action  of  Magnetism  on  all  Bodies. — It  has  long  been  known 
that  iron  and  steel  were  not  the  only  substances  which  could  be 
acted  on  by  magnetism.  Nickel  and  cobalt  especially  were  known 
to  be  attracted  by  a  magnet,  though  very  much  more  feebly  than 
iron,  while  bismuth  and  antimony  were  repelled.  Faraday,  by  means 
of  a  powerful  electro-magnet,  showed  that  all  or  nearly  aU  substances 
in  nature,  whether  solid,  liquid,  or  gaseous,  were  susceptible  of  mag- 
netic influence,  and  that  they  could  all  be  arranged  in  one  or  the 
other  of  two  classes,  characterized  by  opposite  qualities.  This  opposi- 
tion of  quality  is  manifested  in  two  ways. 

1.  As  regards  attraction  and  repulsion,  iron  and  other  paramag- 
netic bodies  are  attracted  by  either  pole  of  a  magnet,  or  more  gene- 
rally, they  tend  to  move  from  places  of  weaker  to  places  of  stronger 
force.  On  the  other  hand,  bismuth  and  other  diamagnetic  bodies 
are  repelled  by  either  pole  of  a  magnet,  and  in  general  tend  to  move 
from  places  of  stronger  to  places  of  weaker  force. 

2.  As  regards  orientation,  a  paramagnetic  body  when  suspended 
between  the  poles  of  a  magnet  tends  to  set  axiaUy;  that  is  to  say, 
tends  to  place  its  length  along  the  line  joining  the  poles,  or  more 
generally,  when  placed  in  any  magnetic  field,  tends  to  place  its  length 
along  the  lines  of  force.  Hence  the  name  jxtramagnetia^  A  dia- 
magnetic  body,  on  the  other  hand,  when  suspended  between  the  poles, 
sets  equatorially ;  that  is  to  say,  places  its  length  at  right  angles  to 

'  The  nomenclature  here  adopted  was  proposed  by  Faraday  in  1850  {Jtefearcha,  §  2790), 
and  is  eminently  worthy  of  acceptance.  Many  writers,  however,  conUnue  to  empW 
magnetic  in  the  exclusive  sense  of  jxiramagnetic.  To  be  consistent,  they  should  caH  the 
other  class  an^^'magnetic,  not  c^tamagnetic.  "The  word  magnetic  ought  to  be  general,  and 
include  all  the  phenomena  and  effects  produced  by  the  power." 
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«,  or,  more  generally,  tends  to  place  its  length 
3tic  lines  of  force. 

le  apparatus  commonly  employed  for  experi- 

B,  B  are  two  large  coils  of  stout  copper  wire, 

)w  cylinders  of  soft  iron.     These  latter  form 

portions  of  the  heavy  frames  F,  F,  which  can  be  slid  to  or  from  each 

other,  and  fixed  firmly  at  any  distance  by  means  of  the  screws  E,  E. 


Ftg.  431— Apptntm  ft 

The  armatares  P,  which  can  be  screwed  on  or  off,  have  the  form  of 
rounded  conea,  and  prodace  a  great  conceotratioD  of  force  at  their 
extremities. 

The  action  of  magnetism  upon  a  solid  can  be  examined  by  suspend- 
ing a  small  bar  of  it  a  b,  by  means  of  a  special  support  R  S,  between 
tile  poles  P.  When  a  current  ia  passed  through  the  coils,  the  bar 
ioimediately  exhibits  a  preference  either  for  the  axial  or  the  equa- 
torial position.  Attraction  and  repulsion  are  most  easily  tested  by 
«D^>endiiig  a  small  ball  of  the  substance  at  the  level  of  the  central 
iiDe  of  poles,  but  a  little  beside  it,  the  poles  having  first  been  brought 
very  near  together.  On  passing  the  current  through  the  coil,  the 
Call  will  move  inwarda  towards  the  line  of  poles  if  paramagnetic, 
•ad  out^jpards  if  diamagnetic. 

It  is  important,  however,  to  remark,  that  experiments  of  this  kind, 
mless  performed  in  vacuo,  are  merely  differential — they  merely 
indicate  that  the  suspended  body  ia,  in  the  one  case,  more  para- 
ougnetic  or  less  diamagnetic ;  in  the  other  case  more  diamagnetic 
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or  less  paramagnetic,  than  the  medium  in  which  it  moves,  the  com- 
parison being  made  between  equal  volumes.  Oxj^gen  is  paramag- 
netic, and  nitrogen  is  nearly  or  quite  indifferent.  Air  is  accordingly 
paramagnetic,  and  a  body  suspended  in  air  appears  less  paramagnetic 
or  more  diamagnetic  than  it  really'is.  If  more  feebly  paramagnetic 
than  air,  it  will  appear  to  be  diamagnetic.  Thus  heated  air,  in 
consequence  probably  of  its  rarefaction,  appears  diamagnetic  when 
surrounded  by  cold  air,  and  the  flame  of  a  taper  is  repelled  down- 
wards and  outwards  from  the  axial  line. 

I^  on  the  other  hand,  the  body  under  examination  is  suspended 
in  water,  it  will  appear  more  paramagnetic  than  it  really  is>  by 
reason  of  the  diamagnetism  of  water. 

The  following  metals  are  paramagnetic:  iron,  nickel,  cobalt,  man- 
ganese, chromium,  titanium,  cerium,  palladium,  platinum,  osmium. 

The  following  are  diamagnetic:  bismuth,  antimony,  lead,  tin. 
mercury,  gold,  silver,  zinc,  copper. 

The  following  substances  are  also  diamagnetic:  water,  alcohol,  flint 
glass,  phosphorus,  sulphur,  resin,  wax,  sugar,  starch,  wood,  ivory, 
beef  (whether  fresh  or  dried),  blood  (whether  fresh  or  dried),  leather, 
apple,  bread. 

604a.  Magneto-crystallic  Action. — The  orientation  of  crystals  in 
a  magnetic  field  presents  some  remarkable  peculiarities,  which  were 
extremely  perplexing  to  investigators  until  TyndaJl  and  Knoblanch 
discovered  the  principle  on  which  they  depend.     This  principle  is, 
that  crystals  are  susceptible  of  magnetic  induction  to  different  d^rees 
in  different  directions.     Every  crystal  (except  those  belonging  to  the 
cubic  system)  has  either  one  line  or  one  plane  along  which  induction 
takes  place  more  powerfully  than  in  any  other  direction ;  and  it  is 
this  line  or  plane  which  tends  to  place  itself  axially  or  equatoiially 
according  as  the  crystal  is  paramagnetic  or  diamagnetic.     The  direc- 
tions of  most  powerful  and  least  powerful  induction  are  found  to  be 
closely  related  to  the  optic  axes  of  crystals,  and  abo  to  their  planes 
of  cleavage.     When  a  sphere  cut  from  a  crystal  is  brought  near  to 
one  pole  of  a  magnet,  it  is  attracted  or  repelled  (according  as  it  is 
para-  or  dia-magnetic)  with  the  greatest  force  when  the  direction  of 
most  powerful  induction  coincides  with  the  direction  of  the  forca 

Directions  of  unequal  induction  can  be  produced  artificially  in 
non-crystalline  substances  by  applying  pressure.  ''Bismuth  is  a 
brittle  metal,  and  can  readily  be  reduced  to  a  fine  powder  in  a 
mortar.     Let  a  tea-spoonful  of  the  powdered  metal  be  wetted  witli 
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a  paste,  and  made  into  a  liUle  roll,  say  an 
of  an  inch  across.  Hung  between  the 
elf  like  a  little  bar  of  bismuth — equatorial 
y  bits  of  pasteboard,  within  the  jaws  of  a 
ispend  the  plate  thus  formed  between  the 
agnet,  the  plate  will  turn,  with  the  enei^ 
into  the  axial  position,  though  its  length 
ith. 
mate  of  iron  into  fine  powder,  and  form  it 

,     .^^  .^  „ r  described.     Hung  between  the  excited 

poles,  it  will  stand  as  an  ordinary  [para] magnetic  substance— axial. 
Squeeze  it  in  the  vice,  and  suspend  it  edgeways,  its  position  will  be 
unmediately  reversed.  On  the  development  of  the  magnetic  force, 
tbe  plate  thus  formed  will  recoil  from  the  poles,  aa  if  violently 
ftpelUd,  and  take  up  the  equatorial  position."* 
'  Jd  these  experiments  the  direction  of  most  powerful  induction  is 
j  »  line  transverse  to  the  thickness,  and  this  is  also  the  direction  in 
■rhich  pressure  has  been  applied.  Tyndall  accordingly  concludes 
that "  if  the  arrangement  of  the  component  particles  of  any  body  be 
sack  as  to  present  different  degrees  of  proximity  in  different  direc- 
U0D3,  then  the  line  of  closest  proximity,  other  circumstances  being 
sqoal,  will  be  that  chosen  by  the  respective  forces  for  the  exhibition 
of  their  greatest  energy.  If  the  mass  be  [parajmagnetic,  this  line 
will  stand  axial;  if  diamagnetic,  equatorial."* 

I  Tyndaa  on  DiaMagntti$m,  p.  13.  *  Ibid.  p.  23. 


CURRENT  ELECTRICITY. 


CHAPTER    XLV. 


GALVANIC  BATTERT. 


606.  Voltaic  Electricity, — Towards  the  close  of  last  century,  when 
the  discovery  of  the  various  phenomena  of  firictional  electricity  had 
been  followed  by  Coulomb's  investigations,  which  first  reduced  ifaem 
to  an  accurate  theory,  a  new  instrument  was  brought  to  light 
destined  to  effect  a  complete  revolution  in  electrical  scienca  Id 
place  of  an  element  difficult  to  manage,  capricious  and  uncertiun  in 
its  behaviour,  and  constantly  baffling  investigation  by  the  rapidity 
of  its  dissipation,  the  galvanic  battery  furnished  a  steady  source  of 
electricity,  constantly  available  in  all  weathers,  and  requiring  no 
special  precautions  to  prevent  its  escape.  Moreover,  the  electricity 
thus  developed  exhibited  an  entirely  new  set  of  phenomena^  and 
opened  up  the  way  to  such  various  and  important  applications,  th&t 
frictional  electricity  at  once  fell  into  the  second  place,  and  the  nev 
agent  became  the  main  object  of  interest  with  all  electrical  inres- 
tigators. 

606.  Oalvanic  Element. — The  source  of  this  new  form  of  electricity 
is  chemical  action. 

When  a  metal  which  is  easily  attacked  by  an  acid  is  inunersed  in 
the  acid,  (for  example,  zinc  in  dilute  sulphuric  acid,)  difference 
potential  is  immediately  established  between  them  at  the  suifiEu^e  c 
contact,  the  acid  becoming  positive  with  respect  to  the  metal  II 
either  the  acid  or  the  metal  is  insulated  (except  where  they  touc 
each  other)  this  difference  of  potential  prevents  chemical  action  fiu 
taking  place,  at  least  when  the  metal  is  quite  pure  and  homogeneo 
If,  however,  connection  be  established  between  the  zinc  and  the  aci 
by  means  of  a  conductor  (such  as  platinum)  which  is  not  liable 
be  attacked  by  the  acid,  a  continual  current  will  flow  through 
conductor  in  a  direction  tending  to  diminish  the  difierence  of  pote 
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I,  iQd  coatinual  chemical  action  viU  take  place  between  the  acid 

•mil  an  arrangemeDt  constitntee  a  galvanic  or  voltaic  element  or 
and  tbe  difference  of  potential  which  exists  between  the  acid 
(he  zinc  at  the  surface  of  contact  is  called  the  dectro-Tnotive 
<of  the  elemeat  This  difference  appears  to  be  the  same  when 
current  ia  floving  as  when  it  is  prevented  from  flowing  by 
stion 

instead  of  platinum,  we  establish  the  connection  by  means  of 
id  such  as  copper,  which  is  liable  to  be  acted  on  by  the  acid, 
D  a,  much  lower  degree  than  zinc,  there  is  probably  a  slight 
I  of  potential  in  the  acid  above  the  copper,  and  the  electro- 
i  force  of  the  element  is  diminished  by  this  diSerence  of  poten- 
In  every  case,  the  electro-motive  force  is  the  difference  between 
tentials  of  the  two  metals  when  both  are  immersed  wholly  or 
ly  in  the  acid,  and  are  otherwise  insulated. 
433  represents  one  of  the  simplest  forms  of  such  an  arrange- 
-a  zinc  and  copper  cell.     Two  plates  Z,  C,  one  of  zinc,  and  the 
f  copper,  are  partially  immersed  in  water  acidulated  by  the 
1  of  sulphuric  acid,  and  are 
Hi  by  means  of  a  wire  M, 
ling-screws.    The  direction 
urrent  through  this  wire  is 
her  to  lower  potential,  and 
from   the  copper  to  the 
i.     An  equal  current  flows 
•,be  acidulated  water  from 
■.e  of  contact  with  the  2dnc 
«  of  copper.    The  chemical 
Ich  takes  place  at  the  sur- 
e  zinc  plate,  furnishes,  as 

lasts,  a  continual  supply  pig.  «s.— vownio  Hemmt. 

i  electricity  to  the  acid 

;&tive  electricity  to  the  zinc.  These  opposite  electricities 
te  at  the  surface  where  they  axe  produced,  such  union 
mted  by  the  chemical  relations  which  produced  them,  and 
jw  round  to  meet  each  other  through  the  circuit  composed 
per  plate,  wire,  and  zinc  plate.  For  the  sake  of  brevity, 
a  in  iv^bich  the  positive  electricity  flows  is  always  spoken 
-ection  of  the  awrrf-nt. 
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608.  Gfttvanio  Batter;. — By  connecting  the  platen  of  snccesaiTe 
elements  in  the  manner  represented  in  Fig.  434,  we  obtain  a  battery. 
The  copper  of  the  first  cell  on  the  left  hand  is  connected  with  the 
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zinc  of  the  second,  the  copper  of  the  second  with  the  zinc  of  tlie 
third,  and  so  on  to  the  end  of  the  series.  The  zinc  of  the  first  &nd 
the  copper  of  the  last  cell  (or  wires  proceeding  from  them)  constitute 
the  electrodes  or  poles  of  the  battery,  the  zinc  being  the  negative, 
and  the  copper  the  positive  electrode.  When  these  are  insulated 
from  each  other,  each  copper  is  at  the  same  potentiaP  as  the  zmc  of 
the  next  cell  with  which  it  is  connected,  and  there  is  a  sudden  rise 
of  potential  in  passing  from  each  zinc  to  the  liquid  in  contact  willi 
it  This  rise  occurs  in  four  places  in  the  arrangement  represented  in 
the  figure,  so  that  there  are  five  distinct  values  of  potential  in  dif- 
ferent parte  of  the  system.  The  highest  value  ia  for  the  copper  on 
the  extreme  right,  and  the  lowest  is  for  the  zinc  on  the  extreme  le^ 
the  difference  between  their  values  being  four  times  as  great  as  » 
single  cell  would  give.  This  fact  is  usually  expressed  by  saying  that 
the  electro-motive  force  of  a  battery  of  n  similar  cells  arranged  in 
series  is  n  times  the  electro-motive  force  of  a  single  celL  When  the 
electrodes  are  connected,  the  current  flows  through  the  connecting 
wire  from  the  positive  electrode  (copper)  to  the  negative  electrode 
(zinc). 

609.  Oalrani'B  SiBCDverieB. — About  the  year  1780,  Galvani,  professor 
of  anatomy  at  Bologna,  had  his  attention  called  to  the  circumstance 
that  some  recently  skinned  frogs,  lying  on  a  table  near  an  electrical 
machine,  moved  as  if  alive,  on  sparks  being  drawn  from  the  machine. 

'  We  neglect  here,  u  relaUvelj  ingigniScaiit,  ttie  nnaU  diffeivnoe  of  potential  whidi  pro- 
bably aInrajB  exiaU  between  two  dieiimilAT  metals  iu  contact. 
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Fig.  485.— Experiment  with  Frog. 


Struck  with  the  apparent  connection  thus  manifested  between  elec- 
tricity and  vital  action,  he  commenced  a  series  of  experiments  on  the 
effects  of  electricity  upon  the  animal  system.     In  the  course  of  these 
experiments,  it  so  happened 
that,  on  one  occasion,  several 
dead  frogs  were  hung  on  an 
iron  balcony  by  means  of  cop- 
per hooks  which  were  in  con- 
tact with  the  lumbar  nerves, 
and  the  legs  of  some  of  them 
were  observed  to  move  con- 
vulsively.    He  succeeded   in 
obtaining  a  repetition  of  these 
movements  by  placing  one  of 
the  frogs  on  a  plate  of  iron, 
and     touching    the    lumbar 
nerves  with  one  end  of  a  cop- 
per  wire,   the   other  end   of 
which  was  in  contact  with  the 
iron  plate.     Another  mode  of 
obtaining  the  result  is  represented  in  Fig.  435,  two  wires  of  differ- 
ent metals  being  employed  which  touch  each  other  at  one  end, 
while  their  other  ends  touch  respectively  the  lumbar  nerves  and  the 
crural  musclea     Every  time  the  contact  is  completed,  the  limb  is 
convulsed 

Galvani's  explanation  was,  that  at  the  junction  of  the  nerves  and 
maades  there  is  a  separation  of  the  two  electricities,  the  nerve  being 
positively,  and  the  muscle  negatively  electrified,  and  that  the  con- 
vulsive movements  ai*e  due  to  the  establishment  of  communication 
between  these  two  electricities  by  means  of  the  connecting  metals. 

Volta,  professor  of  physics  at  Pavia,  disproved  this  explanation  by 
showing  that  the  movements  could  be  produced  by  merely  connect- 
ing two  parts  of  a  muscle  by  means  of  an  arc  of  two  metals;  and  he 
referred  the  source  of  electricity  not  to  the  junction  of  nerve  and 
muscle,  but  to  the  junction  of  the  two  metala  Acting  on  this  belief, 
he  constructed  in  the  year  1800  a  voltaic  pila 

511.  Voltaic  Pile. — ^This  consisted  of  a  series  of  discs  of  copper,  zinc, 
and  wet  cloth,  c,  z,  d,  Fig.  436,  arranged  in  uniform  order,  thus — 
copper,  sdnc,  doth,  copper,  zinc,  cloth  .  .  .  the  lowest  plate  of  all 
being  copper  and  the  highest  zinc.     The  wet  cloth  was  intended 


Fit.  iX.—CmaoaBt  it  Tiaa. 

618.   CSonronne  de  Tasses. — He  shortly  afterwurds   inveated  the  | 
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(crown  of  cupa),  coasisting  of  a  series  of  cup3 
each  containing  salt  water  with  a  plate  of  silver 
B  of  zinc  immet3ed  in  it,  the  silver  or  copper  of 
ected  with  the  zinc  of  the  next,  with  the  excep- 
plates.  The  last  plate  in  liquid  at  each  end  of 
ected  with  a  plate  of  the  other  metal  in  air. 
lir  are  now  known  to  be  useless,  and  are  omitted 

9i;. — More  convenient  arrangements,  equivalent 


Fig.  139,— CniaUumk'*  Tnagh, 

!  tasses,  were  soon  introdaced.      One  of  these, 

lank,  is  represented  in  Fig.  439,  consisting  of  a 

ed  a  trough, 

ch  is  a  non- 

•ity,  divided 

}j  partitions 

plate  of  zinc 

yer  soldered 

;id  is  poured 

lents. 

lattery. — la 

,  the  plates 

>m  a  single 
means    of 

be  let  down 

'zed  out  of  it 

id  was  con- 

mpartments  Fig.  lii.— woiiuton'i  ceiu 

of  a  trough  of  glazed  earthen- 

■iK,  wiUi  partitions  of  the  same  material,  or  in  separate  vessels  as 
ih&wn  in  Fig-  **1-    The  plates  were  double-coppered ;  that  is  to  say, 
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they  consisted  of  a  ziac  plate  with  a  copper  plate  bent  rouDd  it  on 


Fi^.  Ml.— WollHton'*  BtttMj. 

both  sides  (Fig.  440),  contact  between  tJiem  being  prevented  by 
pieces  of  wood  or  cork. 

617.  Hare's  Deflagrator. — For  some  purposes  it  is  more  important 
to  diminish  the  resistance  of  a  cell,  or,  in  other  words,  to  facilitate 
the  conduction  of  electricity  between  the  zinc  and  the  copper  plate, 
than  to  increase  the  elec- 
tro-motive force  by  multi- 
plying cells.  The  helical 
arrangement  devised  hy 
Hare  of  Philadelphia  (Fig 
443)  is  specially  adapted 
to  such  purposes.  It  con- 
sists of  two  very  large 
plates  of  zinc  and  copper 
rolled  upon  a  central  cylin- 
der of  wood,  and  prevent- 
ed from  touching  each 
other  by  pieces  of  cloth  or 
twine  inserted  between 
Fig.«j-Hu..DrfUeniMr.  ^^^^-     I*   '^  pluHged  in 

a  tub  of  acidulated  water, 
as  represented  in  the  figure.  From  the  remarkably  powerful  heat- 
ing effects  which  can  be  obtained  by  the  use  of  this  ceil,  it  is  called 
Hare's  deflagrat(yi\ 
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ilS.  PoluiutiOB  of  Plates. — All  the  forms  of  battery  which  we 
e  thus  far  described,  are  liable  to  %  rapid  decrease  of  power,  owing 
auaes  which  are  partly  chenucal  and  partly  electricid. 
'be  chemical  actioD  which  takes  place  in  each  cell  consists 
aarlly  In  the  formation  of  sulphate  of  zinc,  at  the  expense  of  the 
plate,  the  sulphuric  acid,  and  the  oxygen  of  the  water  with 
;h  the  acid  is  diluted,  the  hydrogen  of  the  water  being  thus 
ated.  Ab  this  action  proceeds,  the  liquid  liecomes  continually 
capable  of  acting  powerfully  on  the  zina  Again,  a  portion  of 
;inc  which  has  been  dissolved  becomes  deposited  on  the  copper 
,  thus  tending  to  make  the  two  plates  alike,  and  so  to  destroy 
oirrent,  which  essentially  depends  on  the  difference  between 

t  the  most  important  canse  of  all  is  to  be  found  in  what  is  called 

■)larization  of  the  copper  plate ;  that  is  to  say,  in  the  deposition 

Im  of  hydrogen  on  the  sorfiwM  of  the  plate.     This  film  not  only 

OSes  resistance  by  its  defect  of  conductivity,  but  also  brings  to 

n  electro- motive  force  in  the  direction  opposed  to  that  of  the 

t. 

ie    obstacles   to 

tintenance  of  a 

it  current  were 

overcome      by 

Daniell's  Bat- 
[n  the  cell  de- 
y  Daniell,  there 
>U3  partition  of 
J  earthenware, 
ng  the  two  li- 
hich  are  in  con- 
with  tbe  zinc, 
Dtber  with  the 
slate.  These 
lids     are   not 

alike,     that  Fig.  tu.— nuiaua  ceii. 

I     in     contact 

copper   being  not  simply  dilute  sulphuric  acid  like  the 
t   containing  also  «a  much  sulphate  of  copper  as  it  will 

For  the  purpose  of  keeping  it  saturated,  ciystals  of  sul- 
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phate  of  copper  are  suspended  in  it  near  its  surface  by  means  of  s 
vire  basket  of  copper.  The  effect  of  this  arrangement  is,  that  tbe 
hydrogen  is  intercepted  before  it  can  arrive  at  the  copper  pkte,  aod 
the  deposit  which  takes  place  od  the  copper  plate  is  a  depodt  of 
copper,  the  hydrogen  taking  the  place  of  this  copper  in  the  aatanted 
solution. 

The  current  given  by  a  battery  of  these  cells  remains  neariy  con- 
stant for  some  hours. 

In  the  figure,  the  copper  plate  C  is  represented  as  a  cleft  cjhuder 
occupying  the  interior,  with  the  crystals  of  sulphate  of  copper  pU«d 
up  round  it.  The  entire  cylinder  surrounding  these  is  the  porous 
partition,  outside  of  which  is  the  deft  cylinder  of  zinc  Z,  the  wbile 
being  contained  in  a  vessel  of  glass. 

It  is  more  usual  in  this  country  to  dispense  with  the  glass  vessel, 
and  interchange  the  places  of  tbe  zinc  and  copper  in  the  figure,  the 
copper  plate  being  a  cylindrical  vessel  of  copper  containing  tbe 
saturated  solution.     In  this  is  immersed  tbe  porous  vessel  containing 
the  other  fluid  with  the  zinc  plate  immersed  in  it.     The  cells  thus 
constructed    are   usu- 
ally arranged  in  square 
compartments     in    & 
wooden  box. 

030.  Bonseii's  Bat- 
tery. —  The  battery 
which  is  now  perhaps 
most  extensively  used 
for  class  experitnenta 
is  that  which  was  in- 
vented by  Bnnsen  in 
1843,  being  substanti- 
ally identical  with  ode 
previously  invented 
by  Grove,  except  that 
carbon  is  substituted 
for  platinum. 
Fig.  Hs—Bamen'i  Cau.  '^^^  usual  Construc- 

tion of  its  cells  is  vei^' 
clearly  represented  in  Fig.  445.  The  cleft  cylinder  is  the  nnc  plate, 
which  is  immersed  in  dilute  sulphuric  acid.  Within  this  is  t))e 
porous  cylinder,  similar  to  Daniell's,  containing  strong  nUric  acid. 
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in  which  is  immersed  a  rectangular  prism,  of  a  veiy  dense  kind  of 
charcoal,  obtained  from  the  interior  of  the  retorts  at  gaa-works,  being 
deposited  there  in  the  manufacture  of  gas. 


In  this  cell  the  hydrogen  is  intercepted  on  its  way  to  the  carbon 
plate  by  the  nitric  acid,  with  which  it  forms  nitrous  acid. 

Grove's  battery  possesses  some  advantages  over  Bunsen's;  but  its 
Srst  cost  is  much  greater. 

521.  Amalgamated  Zioo. — When  the  poles  of  a  battery  are  insulated 
from  one  another,  there  ought  to  be  no  chemical  action  in  the  cells. 
Any  action  which  then  goes  on  is  wasteful,  and  is  an  indication  that 
noproductive  consumption  of  zinc  goes  on  when  the  current  is  pass- 
ing in  addition  to  the  consumption  which  is  necessary  for  producing 
the  CDfrent.  This  wasteful  action,  whicli  is  called  local  action,  goes 
on  largely  when  the  zinc  plates  are  of  ordinary  commercial  zinc,  bat 
not  when  they  are  of  perfectly  pure  zinc.  In  this  respect  amal- 
gamated zinc  behaves  like  pure  zinc,  and  it  is  accordingly  almost 
uuiversally  employed.  The  amalgamation,  which  must  be  often 
reoeved  in  the  case  of  a  battery  in  constant  use,  is  performed  by 
first  cleaning  the  zinc  plates  with  dilute  acid,  and  then  rubbing  them 
vith  mercury. 

922.  Dry  Pile:  Bohnenberger'B  Electroscope. — For  telegraphic  pur- 
poses in  this  country,  a  battery  is  very  commonly  employed  in  which 
sand  or  sawdust,  moistened  with  acidulated  water,  sepsxates  the  zinc 
and  copper  plates  of  each  celL 

The  other  forms  of  battery  which  have  been  devised  are  exceed- 
ii^ly  numerous,  and  new  forms  are  continually  being  introduced. 
A  dry  j<ile,  built  up  on  the  general  plan  of  Yolta's  moist  pile,  was 
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devised  by  De  Luc,  and  improved  by  Zamboni.     la  Zambonrs  oon- 
struction,  sheets  of  paper  are  prepared  by  pasting  finely  laminated 
zinc  or  tin  on  one  side,  and  rubbing  black  oxide  of  manganese  on  the 
other.     Discs  are  punched  out  of  this  paper,  and  piled  up  into  a 
column,  with  their  similar  sides  all  facing  the  same  way,  to  the 
number  of  a  thousand  or  upwards,  and  are  well  pressed  together. 
The  difference  of  potential  between  the  two  ends  is  sufficient  to 
produce  sensible  divergence  of  the  gold-leaves  of  an  electroscope,  but 
the  quantity  of  electricity  whicli  can  be  developed  in  a  given  time  is 
exceedingly  small.     No  pile  or  buttery  can  generate  a  sermble  cur- 
rent, except  by  a  sensible  consumption  of  its  materials  i/n,  the  shape 
of  chemical  action. 

A  very  delicate  gold-leaf  electroscope  was  devised  by  Bohnen- 
berger,  consisting  of  a  single  leaf  suspended  between  the  two  poles 
of  a  dry  pile,  which  for  this  purpose  is  arranged  in  two  colunms 
connected  below,  so  that  the  poles  are  at  the  summits.  If  their  lower 
ends,  which  form  the  middle  of  the  series,  be  connected  with  the 
earth,  one  pole  will  always  have  positive,  and  the  other  negative 
potential  A  very  slight  charge,  positive  or  negative,  given  to  the 
gold-leaf  by  means  of  the  knob  at  the  top  of  the  case,  suffices  to  make 
it  move  to  the  negative  or  the  positive  pola 

62S.  Thermo-electric  Currents. — Electric  currents  can  be  prodnoed 
by  applying  heat  or  cold  to  one  of  the  junctions  in  a  circuit  composed 

of  two  different  metals.  This 
was  first  shown  by  Seebeck  of 
Berlin  in  1821.  It  may  be  illns- 
trated  by  employing  a  rectan- 
gular frame  (Fig.  448),  having 
three  sides  formed  of  a  copper 
plate,  and  the  fourth  of  a  cylin- 
der of  bismuth.  It  must  be 
placed  in  the  magnetic  meridian, 
with  a  magnetized  needle  in  its 
interior.  On  heating  one  of  the 
junctions  with  a  spirit-lamp,  the 
needle  will  be  deflected  in  such  a  direction  as  to  indicate  the  existence 
of  a  current,  which,  in  the  copper  portion  of  the  circuit,  flows  from 
the  hot  to  the  cold  junction,  and  in  the  bismuth  poition  from  the 
cold  to  the  hot.  If  cold  instead  of  heat  be  applied  to  one  junction, 
the  direction  of  the  current  will  still  be  from  the  warmer  jonctioa 


Fig.  448.— Thenno-«ieotrio  Cuirant. 
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fig.  440.— Current  with  one  H etaL 


roagh  the  copper  to  the  colder  junction,  and  from  this  through  the 

iiDuth  to  the  warmer  junction.    Antimony,  if  employed  instead  of 

)per,  gives  a  still  more  powerful  effect 

124.  Though  a  circuit  composed  of  hismuth  and  antimony  is 

cially  susceptible  of  thermo-electric  excitation,  the  property  is 

sessed,  in  a  more  or  less  marked  degree,  by  every  circuit  composed 

;wo  metals,  and  even  by  cir- 

s  composed  of  the  same  metal 

liferent  statea     If,  for  ex« 

le,  a  knot  or  a  helix  (as  in 

449),  be  formed  in  a  piece  of 

Qum  wire,  and  heat  applied 

le  side  of  it,  a  current  will 

dicated  by  a  delicate  galvanometer.    In  metals  which  are  usually 

ogeneous  in  their  structure,  such  as  bismuth,  it  is  not  tmcom- 

k)  find  currents  produced  by  heating  parts  which  appear  quite 

*m.    If  the  ends  of  two  copper  wires  be  bent  into  hooks,  and 

'  them  be  heated,  on  placing  them  in  contact,  a  current  will  be 

ced  due  to  the  presence  of  a  thin  film  of  oxide  on  the  heated 

With  two  platinum  wires,  no  such  effect  is  obtained. 

Thermo-electric  Order. — ^According  to  Becquerel's  experiments, 
3tals  may  be  ranged  in  the  following  order,  as  regards  the 
)n  of  the  current  produced  by  heating  a  junction  of  any  two 
a; — Bismuth,  platinum,  lead,  tin,  copper,  silver,  zinc,  iron, 
my;  that  is  to  say,  if  a  junction  of  any  two  of  these  metals 
;ed,  the  direction  of  the  current  at  the  junction  in  question 

from  that  which  stands 
the  list  to  the  other.  His 
ents  have  also  established 
Drtant  fact  that  the  cur- 
ained  by  heating  all  the 
3  B,  C,  D,  E,  F,  of  a  chain 
lilar  metals  to  one  com- 
perature,  is  the  same  as 

ined  by  uniting  the  two  extreme  bars  AB,  FG,  directly  to 
ir,  and  heating  their  junction  to  the  same  temperature.^ 
tmparison  of  Electro-motive  Forces. — By  employing  a  chain 

e  aocttrate  statement  is,  that  the  electro-motive  force  is  the  same  in  the  two 
current  wiU  be  sensibly  the  same  if  the  resistance  in  BCDEF  is  insignificant 
a  with  the  rest  of  the  circuit.    In  order  that  there  may  be  a  current,  the 


Fig.  451. 
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composed  of  wires  of  different  metals  soldered  together,  with  its  two 
extremities  connected  with  a  galvanometer,  and  heating  one  junction 
to  20''  C,  while  the  rest  were  kept  at  0""  C,  Becqaerel  ohtaiDed  cm- 
rents  proportional  to  the  following  numbers: — 


Janotion  hoated.  Carrent. 

Iron -silver, 26*20 

Iron  -  copper,      .    .     .    .     27*96 

Iron-tin, Sl'24 

Iron  -  platinum, .     .    .    .    86*07 


Janotion  hoatad. 
Copper  -  platinum. 
Copper  -  tin,     .     • 
Silver  -copper,    . 
Zinc     -  copper,    . 


8'S5 
3-50 
2-00 
1-00 


On  comparing  these  numbers,  it  will  be  found  that  they  are  in 
approximate  agreement  with  the  law  above  stated  Thus  the  electro- 
motive force  of  a  silver-platinum  circuit  comes  out  10'55  by  adding 
2O0  to  8-55,  and  987  by  subtracting  2620  from  3607.  The  electro- 
motive force  of  copper-platinum  is  8*55  as  observed  directly,  and 
8*11  as  computed  by  taking  the  difference  of  iron-copper  and  iron- 
platinum.  The  deviation  from  precise  agreement  is  not  more  than 
may  fairly  be  ascribed  to  errors  of  observation. 

627.  Influence  of  Temperature. — When  the  junctions  in  a  thermo- 
electric circuit  are  at  only  two  temperatures,  the  lower  of  which 
remains  constant  while  the  other  varies,  the  current  will  be  sensibly 
proportional  to  the  difference  of  temperature  only  as  long  as  this 
difference  is  small.  As  the  difference  goes  on  increasing,  the  current 
increases  less  rapidly,  then  decreases,  and  at  still  greater  differences 
of  temperature  is  reversed. 

638.  Thermo-electric  Pile. — If  a  thermo-electric  chain  be  composed 
of  two  metals  occurring  alternately  (as  in  Fig.  452),  no  effect  will  be 


Fig.  452.— PoniUet't  Tharmo-pUfl. 


obtained  by  equally  heating  two  consecviive  junctions ;  for  the  current 
which  would  be  generated  by  heating  the  one  is  in  the  opposite 
direction  to  that  due  to  the  heating  of  the  other.     If  we  nomber  tiie 


drcoit  must  of  course  be  completed,  and  not  left  open  u  in  Fig.  451.  In  the  case  of  aa 
opeYi  circuit,  the  result  of  the  heating  will  simplj  be  to  produce  difference  o€  potantiai 
between  the  extremities  A,  6.  This  difierenoe  of  potential  is  the  meaauie  of  tlie  electra- 
motive  force,  and  will  accordingly  be  the  same  in  the  two 
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obtain  a.  current  in  ona  direction  by 
>eai8  an  odd  number,  and  in  the  oppoeite 
that  bears  an  even  number.  Thethenno- 
whose  use  has  been  already  described  in 
I  on  radiant  heat  (§  313),  is  an  arraoge- 
:h  all  the  odd  junctions  are  presented 
the  eren  junctions  at  the  other,  the  two 
ng  antimony  and  bismuth.  The  electro- 
,  given  difference  of  temperature  between 
tional  to  the  number  of  junctions,  except 
mces  may  exist  between  different  junc- 

rement  of  Temper&tore. — ^Thermo-electric 
ther  in  testing  equality  of  temperaturca, 
jnces  of  temperature  As  an  example  of 
)ose  a  circuit  to  be  formed  of  two  long 
ither  of  copper,  connected  at  both  ends, 
cha  or  some  other  insulator  except  at 
junction  be  lowered  to  the  bottom  of  a 
Bible  place  whose  temperature  we  wish 
ler  junction  be  immersed  in  a  vessel  of 
meter.  If  one  of  the  wires  be  carried 
lirection  in  which  the  needle  is  deflected 
per  or  lower  junction  ia  the  warmer,  and 
jf  the  water  in  the  vessel  till  the  deflee- 
uiow  that  the  two  junctions  are  at  the 
ve  can  read    off  by  the  thermometer 
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680.  Olrsted'B  Experiment. — ^The  discovery  by  the  Danish  philo- 
sopher (Ersted,  in  1819,  that  a  magnetized  needle  could  be  deflected 
by  an  electric  current,  was  justly  regarded  with  intense  interest  by 
the  scientific  world,  as  affording  the  first  indication  of  a  definite  rela- 
tion existing  between  magnetism  and  electricity. 

(Ersted's  experiment  can  be  repeated  by  means  of  the  apparatus 
represented  in  Fig.  456.  Two  insulated  metallic  wires  are  placed 
in  the  magnetic  meridian,  one  of  them  above,  and  the  other  below  a 

magnetized  needle.    If  a 
current  be  sent  throngh 
one  of  these    wires,  the 
needle  will  be  deflected; 
and    if    the    current  be 
strong,  the  deflection  wiD 
nearly  amount  to  a  light 
angle.      The  direction  of 
the  deflection  will  be  re- 
versed if  the  current  be 
passed  through  the  lower 
instead  of  the  upper  wire.     It  will  also  be  reversed  by  reversing  the 
direction  of  the  current     In  the  figure,  the  current  is  supposed  to 
be  passing  above  the  needle  fi'om  south  to  north.     In  this  case  the 
north  end  of  the  needle  moves  to  the  west,  and  the  south  end  to  the 
east.      On  making  the  current   pass  in  various  directions,  either 
horizontally,  vertically,  or  obliquely,  near  one  pole  of  the  needle,  it 
will  be  found  that  deviation  is  always  produced  except  when  the 
plane  containing  the  ])ole  and  current  is  perpendicular  to  the  length 
of  the  needle. 


Fig.  456.— (Eiftted'a  Experiment. 


ahpeee's  rule. 


531.  Ampere's  Bule. — The  direction  in  w 
is  deflected  by  a  current,  whatever  theit 
ia  given  by  the  following  rule,  which  was  l 


Ima^ne  an  observer  to  be  bo  placed  that 
him,  entering  at  his  feet  and  leaving  at  hi 
of  &  north-peeking  pole  will  be  ^o  ^  left  & 
tion  of  a  south-seeking  pole  will  be  in  tli 
Iwo  figures  457,  458  illustrate  the  applica 
cases  just  considered.  The  current  is  su{ 
fcwing  from  south  iii  north.  A  is  tlie  au 
of  the  needle,  and  B  the  boreal  or  soutb-st 
531  k.  Linsfl  of  Magnetic  Force  due  to  Cnrr< 
cnrTeots  and  magnetic  forces  may  be  more 
precisely  expressed  by  saying  that  a  cur- 
KDt  flowing  through  a  straight  wire  pro- 
duces circular  lines  of  force,  having  tin 
wire  for  their  cotnmon  axis.  A  pole  of  s 
magnet  placed  anywhere  in  the  neighbour- 
box!  of  the  wire,  experiences  a  force  tend- 
ing to  nrge  it  in  a  circular  path  round  the 
*ire,  and  the  direction  of  motion  round  the 
vire  is  opposite  for  opposite  poles.  Fig. 
I  i58A  represents  three  of  the  lines  of  force 
I  for  a  north-seeking  pole,  due  to  a  current 
flowing  through  a  straight  wire  from  the 

icnd  marked  +  to  the  end  marked  — .  The 
Kties  of  force  are  circles  (shown  in  perspec- 
tive as  ellipses),  having  their  centre  at  a 
iointCin  the  wire.and  having  their  plane  ] 
I  of  the  wire.    The  arrows  indicate  the  di 
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seeking  pole  will  be  urged.  This  direction  is  from  right  to  left  round 
the  wire  as  seen  from  the  wire  itself  by  a  person  with  his  feet  to- 
wards +  and  his  head  towards  — ,  according  to  Ampferes  rula  The 
figure  may  be  turned  upside  down,  or  into  any  other  position,  and 
will  still  remain  true. 

681b.  Beaction  of  Magnet  on  Current. — While  the  wire,  in  virtue 

of  the  current  flowing  up  through  it,  urges  an  austral  pole  from  A 

^^  towards  A'  (Fig.  458  b),  it  is  itself  ui^ged  in 

the  opposite  direction  CC.    If  an  observer 
be  in  imagination  identified  with  thewiie, 
the  current  being  supposed,  as  in  Ampferea 
rule,  to  enter  at  his  feet,  and  come  out  at 
^^^,^ — '^1 -^         his  head,  the  force  which  he  will  experi- 
ence firom  a  north-seeking  pole  directly  in 
front  of  him  will  be  a  force  to  his  right 
It  will  be  noted  that  the  magnetic  influ- 
ence which  thus  urges   him  to  the  right> 
would  urge  a  north-seeking  pole  firom  his 
front  to  his  back.    A  conductor  conveying 
a  current  is  not  urged  along  lines  of  mag- 
netic  foTcCy  but  in  a  direction  which  is  ai 

^^**  ^^c^^*^"""  "*"  '^^^  angles  to  them,  and  at  the  same  time 

at  right  angles  to  its  own  length. 

532.  Numerical  Estimate  of  Currents. — ^The  numerical  measure  of 
a  current  denotes  the  quantity  of  electricity  which  flows  across  & 
section  of  it  in  unit  time.  It  is  sometimes  called  strength  of  current, 
sometimes,  especially  by  French  writers,  intensity  of  current,  some- 
times simply  cwi^ent  or  amount  of  current  K  a  thin  and  a  thick 
wire  are  joined  end  to  end,  it  has  the  same  value  for  them  both;  jnst 
as  the  same  quantity  of  water  flows  through  the  broad  as  through 
the  contracted  parts  of  the  bed  of  a  stream.  Hence  the  name  imten^ 
sity  is  obviously  inappropriate,  for,  with  the  same  total  quantity  of 
electricity  flowing  through  both,  the  current  is,  properly  speaking, 
more  intense  in  the  thin  than  in  the  thick  wire. 

Currents  may  be  measured  experimentally  by  various  tests^  which 
are  found  to  agree  precisely.  The  most  convenient  of  these  for 
general  purposes  is  the  deflection  of  a  magnetized  needle.  The  force 
which  a  given  pole  experiences  in  a  given  position  with  respect  to  a 
wire  convej'ing  a  current,  is  simply  proportional  to  the  currenL 
Hence  the  name  strength  of  current  admits  of  being  interpreted  in  a 
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534.  Tan^nt  Galvanometer. — The  tangent  galvanometer,  wbicK  is 
simpler  in  its  construction  and  use,  and  is  much  more  frequently 
employed,  consists  of  a  declination  needle  mounted  in  the  centre  of 
a  vertical  circle  whose  plane  always  coincides  with  the  magnetic 
meridian,  the  length  of  the  needle  being  small  in  comparison  witb 
^  the  radius  of  the  circle. 

Let  o  (Fig.  460)  be  the  centre  of  snapen- 
sioo,  a  b  the  initial  position  of  the  needle, 
and  a'h'  its  deflected  positioa  The  force  F 
exerted  on  either  pole  by  the  current  is  sen- 
sibly the  same  at  u'  as  at  a  on  account  of 
the  smallness  of  the  needle,  and  it  acts  in 
the  direction  Ik,  while  the  horizontal  force 
of  the  earth  upon  the  pole  acts  along  (I'm, 
^  *"^^i^^^*°^*  and  these  two  forces  give  a  resultant  along 
oa'.  Hence,  taking  the  triangle  old  a&  tbe 
triangle  of  forces,'  the  force  exerted  by  the  current  is  to  the  hori- 
zontal force  exerted  by  the  earth  as  la'  to  ol,  or  as  tan  a  to  unity; 
that  is,  the  current  is  proportional  to  the  tangent  of  the  deflection. 

In  order  to  permit  the  deviations  of  the  short  needle  to  be  accur- 
ately read,  a  long  pointer  is  attached  to  it,  usually  at  right  angH 
the  two  ends  of  which  move  along  a  fixed  horizontal  circle. 

080.  If  sltiplier. — Tbe  idea  of  carrying  a  wire  several  times  round 
a  needle  in  a  vertical  plane  is  due  to 
Schweiger,  The  form  of  apparatus  de- 
signed by  him,  called  Schueiger'a  mul- 
tiplier, is  represented  in  Fig.  461.  The 
difference  between  tbe  rectangular  and 
the  circular  form  is  merely  a  matter  o! 
detail  Tbe  name  multiplier  is  derived 
from  the  fact  that,  if  the  carrent  is  not 
\  sensibly  diminished   by   incrcs^ng  tbe 

ng.  wi.-schwsigm'i  MniiipUer.  number  of  convolutions  of  wire  through 
which  it  bas  to  pass,  the  force  exerted  on 
the  needle  is  n  times  as  great  with  n  convolutions  as  with  only  1, 
since  each  convolution  exerts  its  own  force  on  the  needle  indepen 
Jent  of  the  rest.  Cases,  however,  frequently  occur  in  which  tli« 
increased  resistance  introduced  by  increasing  the  number  of  convoluj 

'  The  pantUelognmi  of  forcee  is  divided  bj  iU  di*goiul  into  two  tiutuglea,  uther  of  wliicil 
may  be  coiled  tba  triangle  of  forcea. 
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^003  oatweighs  the  advantage  of  muItipIicatioD,  so  t 
wire  vith  few  convolutions  gives  a  more  powerful  t 
thin  wire  with  many.  This  is  especially  the  case  wit 
currents.  The  names  multiplier  and  galvanoTnet 
used  as  equivalent. 

The  difference  between  the  rectangular  and  the 
merely  a  matter  of  detail.  Whichever  form  be  adc 
tlie  coil  contribute  to  make  the  needle  deviate  in  tb 
For  inataoce,  in  Fig.  4C2,  if  the  current 
proceeds  in  the  direction  indicated  by 
tbe  arrowB,  the  application  of  Ampere's 
rule  to  any  one  of  the  four  sides  of  the 
rectangle  shows  that  the  austral  pole 
a  will  be  ui^d  towards  the  front  of 
tJie  Bgure.  When  the  coil  is  cireular, 
uid  the  needle  so  small  that  each  pole  is  nearly  in 
lengths  of  the  current,  in  whatever  parts  of  the  ci 
sitaated,  exert  equal  forces  upon  the  needle,  and  t 
poles  in  directions  perpendicular  to  the  plane  of  the 

536a.  Diflbrential  Qalvanometer. — The  coil  of  a  gal 
times  consists  of  two  distinct  wires,  having  the  sam 
rolntions,  and  connected  with  separate  binding-screv 
ment  allows  of  currents  from  two  distinct  sources 
same  time  round  the  coil  either  in  the  same  or  in  o| 
In  the  latter  case,  the  resultant  effect  upon  the  ne 
due  to  the  difference  of  the  two  currents ;  and  if  the 
equal,  the  direction  of  the  defiection  will  indicate 
the  greater.  An  instrument  thus  arranged  is  call 
Qolvarurmeter. 

636.  Astatic  Needle. — The  aensibility  of  the  galvan 
uKreased  by  employing  what  is  called  an  astatic  ne 
of  a  combination  of  two  magnetized  needles  tviih  ti 
•ypposUe  ways.  The  two  needles  are  rigidly  attai 
heights  to  a  vertical  stem,  and  the  system  is  usuall; 
"olt  fibre,  which  gives  greater  freedom  of  motion  tl 
a  point  On  account  of  the  opposition  of  the  po 
*^^n  of  the  earth  on  the  system  is  very  feeble, 
moments  of  the  two  needles  were  exactly  equal,  the  r 
would  be  zero,  and  the  system  would  remain  m 
azimuthi. 
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One  of  the  needles  ab  (Fig.  ieS)  is  nearly  in  the  centre  of  the  coil 
CDEF  through  which  the  current  passes.     The  other  tt' 6' is  just 
above  the  coiL     When  a  current  travereea  the  coil  in  the  direction 
of  the  arrows,  the  action  of  all  parts  of  the 
current  upon  the  lower  needle  tends  to  u^ 
the  austral  pole  a  towards  the  back  of  the 
figure,  and  the  boreal  pole  6  to  the  froni. 
The  upper  needle  a'  b'  is  affected  principally 
by  the  current  in  the  upper  part  CD  of  the 
^   ^^  '  coil,  which  urges  the  austral  pole  a'  to  tie 

front  of  the  figure  and  the  boreal  pole  6'  to 
the  back.  Eoth  needles  are  thiis  urged  to  rotate  in  the  same  direc- 
tion by  the  current,  and  as  the  opposing  action  of  the  earth  is  greatly 
enfeebled  by  the  combination,  a  much  larger  deflection  is  oht^ed 
than  would  be  given  by  one  of  the  needles  if  employed  alone. 

If  the  two  needles 
had  rigorously  equal  mo- 
ments, the  system  woulJ 
be  said  to  be  perfietly 
astatic  The  smallest 
current  in  the  coil  would 
then  suffice  to  set  the 
needles  at  right  angles  to 
the  meridian,  and  no 
measure  would  be  ob- 
tained of  the  amount  of 
current. 

Fig.  464  represents  an 
astatic  galvanometer,  as 
usually  constructed.  The 
coil  is  wound  upon  an 
ivory  frame,  which  sup- 
ports the  divided  circl<i 
ng.4«.-AiutioauTM»nietar.  '^  wbosc  Centre  the  uiv 

per  needle  is  suspended 
The  ends  of  the  coil  are  connected  with  two  binding-screws  for 
making  connection  with  the  wires  which  convey  the  current  to  1* 
measured.  The  needles  are  usually  two  sewing-needles,  and  the 
upper  one  often  carries  a  light  pointer.  The  suspending  fibre  U 
attached  at  ite  upper  end  to  a  hook,  which  can  be  raised  or  lowered. 
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For  nse  at  8ea»  the  galvanometer  is  modified  by  fitstetuDg  the 
supporting  fibre  of  silk  at  both  ^ends,  so  as  to  keep  it  tight,  witii  the 
needle  and  mirror  attached  at  its  centre,  care  being  ts^en  to  make 
the  direction  of  the  fibre  pass  through  the  common  centre  of  gravity 
of  the  needle  and  mirror,  in  order  that  the  rolling  of  the  ship  may 
not  tend  to  produce  rotation.  In  this  form  it  is  called  the  marine 
galvanometer, 

537.  Calibration  of  Oalyanometer. — ^The  deviations  of  the  needle  of 
a  galvanometer  are  not  in  general  proportional  to  the  currents  which 
produce  them.  In  order  to  be  able  to  translate  the  indications  of  the 
instrument  into  proportional  measure,  a  preliminary  investdgation 
must  be  made,  and  its  results  embodied  in  a  table.  This  has  been 
done  in  several  ways.  We  shall  merely  indicate  the  method  em- 
ployed by  Melloni  for  deducing  from  the  deflections  of  his  galvano- 
meter the  amounts  of  heat  received  by  his  thermo-pila 

He  placed  two  sources  of  heat  opposite  the  two  ends  of  the  pile, 
and  allowed  them  to  radiate  to  it,  first  one  at  a  time,  and  then  both 
together.     One  of  them  produced  a  deviation,  say  of  5**,  and  the  other 
of  lO'',  and  when  the  two  were  acting  jointly  the  deviation  was  5'. 
Since  the  latter  number  is  the  diflerence  of  the  other  two,  the  infer- 
ence is  that  up  to  lO""  the  deflections  are  proportional  to  the  amounts 
of  heat  received.     Melloni  thus  established  that  the  proportionality 
subsisted  up  to  20°.     When  the  two  sources  separately  produced 
deflections  of  20**  and  25°,  and  a  deflection  of  6°-5  jointly,  he  inferred 
that  a  deflection  of  25°  indicated  an  amount  of  heat  represented  by 
26°'5 ;  for  the  heat  which  produced  the  deflection  of  25**  was  the  sum 
of  the  two  amounts  represented  separately  by  20*  and  6**5.    By  a 
succession  of  steps  of  this  kind,  the  calibration^  (as  this  process  is 
called)  can  be  extended  nearly  to  90°. 

This  mode  of  investigation  covers  any  want  of  proportionality 
which  may  exist  in  the  production  of  thermo-electric  currents,  as 
well  as  in  the  proportionality  of  these  currents  to  the  deflections. 
Another  method  of  calibrating  a  galvanometer  will  be  described  in 
the  next  chapter. 

^  The  application  of  the  name  calihraium  to  this  proceas  is,  we  believe,  due  to  Professt^ 
Tyndall.  Its  analogy  to  the  calibration  of  a  thermometer  is  obvious ;  the  object  in  both 
cases  being  to  reduce  observed  differences  to  proportional  measure.  It  is  often  called  the 
gradwUion  of  a  galvanometer ;  but,  in  point  of  fact,  the  galvanometer  b  gndoatod,  \ij 
dividing  its  circle  into  360  degrees,  before  the  process  begins. 
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F.— The  stre 

rtly  on  the  e 

'  OD  the  resii 

oaal  to  the ' 

it,  and  for  e 

It  is  inversely  as  the  whole  resistance  in  i 

proper  uaits  are  chosen  for  expressing  t 

ance  E,  and  the  electro-motive  force  E,  we 


"r  the  current  is  equal  to  the  electro-mo] 
nsistance.  This  ia  Ohm's  law,  so  called  fr 
539.  Explanation  of  the  term  Electro-i 
ID  acid  is  in  contact  with  a  metal  liable 
'iifference  of  potential  exists  at  the  surface  i 
higher  potential  than  the  metal.  In  a  gal' 
of  this  difference  of  potential  is  to  force 
^d  through  the  rest  of  the  circuit  to  the  m< 
:og  of  several  cells  arranged  in  a  series,  the 
U  the  som  of  the  forces  of  the  separate  ce 
iiterrapted  at  any  one  place,  and  the  pot* 
■he  interruption  be  examined  by  Thomsoi 
r.'iey  will  exhibit  a  difference  which  is  t] 
-xhibited  by  the  separate  cells  when  simila 
:ifference,  but  usually  much  smaller,  is  ex 
-f  a  thermo-electric  pile  when  its  two  facee 
lor^  and  is  the  sum  of  the  differences  due 
When  the  current  is  passing  round  a  gf 
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each  cell,  a  gradual  fall  of  potential  from  the  film  of  liquid  in  contact 
with  the  zinc  to  the  film  in  contact  with  the  carbon  or  copper  plate, 
and  there  is  also  a  gradual  fall  in  the  connecting  wire  from  the  last 
carbon  (or  the  positive  pole)  to  the  first  zinc  (or  the  negative  pole), 
the  sum  of  all  these  gradual  falls  being  precisely  equal  to  the  sum  of 
all  the  sudden  rises  ^  which  occur  at  the  surfaces  of  contact  between 
metal  and  liquid.     The  sum  of  all  these  sudden  rises  constitutes  the 
whole  electro-motive  force  of  the  circuit 

In  like  manner,  in  a  thermo-electric  circuit,  there  is  difference  of 
potential  probably  at  each  junction,  whatever  its  temperature  may 
be;  and  the  algebraic  sum  of  these  sudden  differences  (a  rise  of 
potential  being  called  positive  and  a  fall  negative,  in  travelling 
with  the  current)  is  the  whole  electro -motive  force  of  the  thermo- 
pile. When  the  faces  of  the  pile  are  at  equal  temperatures^  the 
opposite  electro-motive  forces  are  equal,  and  destroy  one  another; 
when  the  temperatures  are  unequal,  the  positive  electro-motive  forces 
exceed  the  negative,  and  the  total  or  resultant  electro-motive  force 
is  the  measure  of  this  excess. 

S40.  Explanation  of  the  term  Besifltanoe. — When  the  cmrent  of  a 
circuit  is  taken  through  the  coU  of  a  galvanometer,  it  is  found  that, 
by  introducing  different  lengths  of  connecting  wire,  very  different 
amounts  of  deflection  can  be  obtained.  The  longer  the  wire  which 
connects  either  pole  of  the  battery  with  the  galvanometer,  the  smaller 
is  the  deflection ;  and  a  small  deflection  indicates  a  feeble  current 
The  current  is  in  like  manner  weakened  by  introducing  a  fint 
instead  of  a  stout  wire,  if  their  length  and  material  be  the  same,  « 
by  introducing  an  iron  wire  instead  of  a  copper  wire  of  the  sani- 

dimensions.  These  differ- 
ences in  the  properties  of  the 
different  wires  are  expressed 
by  saying  that  they  have 
different  resistances. 

The  apparatus  represent- 
ed in  Fig,  465  can  be  em- 
Fig.  4W.-comp»ri«m  of  BesiBtanoM.  ploycd  for  comparing  resk- 

ances  in  this  way.  The  cur- 
rent given  by  a  battery  P  passes  through  a  wire  to  the  galvanometer 
B,  and  after  traversing  its  coil  is  led  on  by  another  wire  to  the  cup 

^  If  any  sudden  falls  occur,  it  is  the  algebraic  sum  (that  is  the  excess  of  sadden  lues 
above  sudden  falls)  that  is  to  be  here  understood. 


SSFEBOfXHTA 

of  mercury  a,  tbence  through  the  coi 
of  mercury  h,  nnd  back  to  tha  batt 
circuit  can  also  be  completed  aa  eUo^ 
tbiough  m,  by  means  of  a  broad  c< 
msj  be  neglected. 

In  changing  the  wire  m,  it  is  foDi 
tbe  deflection,  the  length  of  the  wir 
section;  that  is  to  say,  if  I,  I',  I"  . 
wires  employed,  and  a  a'  a"  .  .  .  .  t 
wxs  will  be  equal,  if 


This  is  on  the  sapposition  that  tlie  t 
materiaL  Every  substance  has  its  i 
iwal  of  which  is  its  electrical  condm 
to  thermal  conductivity.  Denoting  s 
tiw  condition  of  equal  resistances,  w 

ud  the  resistance  of  any  wire  is 
denoting  its  length,  a  its  sectional  t 
of  its  material 

541.  Experimental  Proofo  of  Ohm'i 
QDmerous  experiments 
Wring  on  Ohm's  law, 
investigated  the  con- 
nection between  cur- 
rents and  resistances  in 
ilie  following  ways: — 

1.  For  thermo-electric 
ctrmUa,  he   employed 
two  thermo-electric  ele- 
^■tents,  each   consisting 
fT  a  stout  eylinder  of 
I'lanuth  with  its  ends 
i^ent  down  and  soldered  to  copper 
•n»nged  side  by  side  as  in  Fig.  4C 
*ere  immersed  in  hot  water,  those 
loelting  ice.     The  hot  and  cold  jun 
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by  a  wire  which  was  carried  round  a  galvanometer  needle.  Those 
of  the  other  were  connected  by  a  wire  ten  times  as  long,  which  made 
ten  times  as  many  turns  round  the  same  needle  in  the  opposite  direc- 
tion, so  that  the  two  currents  opposed  each  other  in  their  action  on 
the  needle.  It  was  found  that  the  needle  remained  at  zero,  showing 
that  the  current  in  the  short  wire  was  ten  times  as  strong  as  the 
other,  for  one  of  its  convolutions  was  able  to  balance  ten  convolutions 
of  the  other.  As  the  resistance  in  the  stout  bai-s  of  bismuth  was 
inappreciable,  it  followed  that  the  currents  in  the  two  circuits  were 
inversely  as  the  resistances. 

2.  For  voltaic  currents,  he  first  sent  the  current  of  a  battery  through 
a  galvanometer  without  any  interposed  resistance,  and  observed  the 
strength  of  current  C.  He  then  introduced,  successively,  known 
lengths  of  uniform  wire  Zj,  l^  l^,  and  observed  the  currents  obtained 
Denoting  these  by  Cj,  C^  C3,  and  taking  x  to  denote  the  length  of  wire 
which  would  be  equivalent  to  the  unknown  resistance  of  the  original 
circuit  consisting  only  of  the  battery  and  the  galvanometer,  we  should 
have — 

From  any  one  of  these  three  equations  x  can  be  determined,  and 
Ohm's  law  is  verified  if  they  all  give  the  same  value  of  x.  This 
Pouillet  found  to  be  the  case. 

By  repeating  the  experiment  with  a  difi^rent  kind  of  wire,  a  new 
value  of  X  will  be  obtained,  and  thus  the  resistances  of  equal  lengths 
of  the  two  wires  can  be  compared. 

542.  Bednced  Length:  Total  BesiBtance  of  Circuit. — ^To  express,  in 
terms  of  the  equivalent  length  of  one  wire,  the  resistance  of  a  circuit 
composed  of  several,  we  can  employ  the  relation  (§  540) 

-  =  -y-  ;  whence  6  =  ^  -  J , 

I  denoting  the  length  of  one  kind  of  wire  equivalent  to  the  length  t 
of  the  other.  The  length  I  is  called  the  reduced  length  of  the  wir« 
whose  actual  length  \&V, 

548.  Bheostat. — Wheatstone's  rAeosto^  is  a  very  convenient  instru* 
ment  for  the  comparison  of  resistances.  It  consists  (Fig.  467)  of  tw^ 
cylinders,  one  of  brass,  and  the  other  of  non-conducting  material,  d 
arranged  that  a  copper  wire  can  be  wound  off  the  one  on  to  the  othd 
by  turning  a  handla     The  surface  of  the  non-conducting  cylinder  j 


iij!s  screw-thread  cut  in  it,  for  its  whole  length,  in  whic 

lies,  30  that  its  successive  convolutions  are  well  insulated 

otier.   Two  binding-screws  are  provided  for  introducing  tl 

,      into  &  circuit ;  and  the  resistance  which  is  thus  introducf 

00  tbe  length  of  wire  which 

'      19  irrapped  upon  the   non- 

coodacting  cylinder,  for  the 

brass  cylinder  A  has  so  large 

a  section  that  its  resistance 

may    be     neglected.      The 

amoDnt    of   resistance    can 

I     thus  be  varied  as  gradually 

I     as  we  please  by  winding  on 

'     ujd  00!     The  handle  can  be  m.  4st.— aimui. 

I     shifted  tjom  one  cylinder  to 

the  other.     The  figure  shows  it  in  the  position  for  windi 
I     A  on  to  B.    The  number  of  convolutions  of  wire  on  B  can 
on  a  graduated  bar  provided  for  the  purpose,  and  parts  c 
tiou  are  indicated  on  a  circle  at  one  end. 

Fig,  468  represents  a  very  direct  mode  of  meaauriug 
by  the  rheostat  The  current  traverses  a  galvanometer  B,a 
aad  the  conductor  m,  whose  resistance  is  to  he  measured, 
oC  the  wire  of  the  rheostat 
being  wound  on  the  brass 
Eylinder.  The  deflection 
of  the  galvanometer  hav- 
ing been  observed,  the  , 
tooductor  m  is  taken  out 
■if  ciFcoit,  the  two  wires 
u  a  and  b  are  directly 
connected,  and  as  much 
of  the    rheostat   wire   is 

irought  into  circuit  as  suffices  to  reduce  the  deflection  to 
amount. 

543a.  Spedflo  Besistanoea  and  Oondactivities. — Numerc 
menters  have  compared  the  specific  resistances  of  the  differ 
Tboogh  the  results  thus  obtained  exhibit  some  diversit 
»2Tee  in  making  diver,  gold,  and  copper  the  three  best 
Si^t  impurities,  especially  in  the  case  of  copper,  have  a 
fSect  in  diminishing  condactivity ;  or,  in  other  words,  in 
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resistaDCe.  Kesistance  is  also  increased,  in  the  case  of  tneUls,  bjr 
increase  of  temperature. 

Forbes  has  pointed  out  that  the  order  of  the  metals  as  r^ards  tlieii 
conductivity  for  beat  is  the  same  as  for  electricity.  The  effects  of 
impurity  and  of  change  of  temperature  are  also  alike  in  the  two 
cases,  as  has  been  recently  shown  by  Professor  Tait. 

The  following  are  E.  Beequerel's  determinations  of  specific  elec- 
trical resistance  at  the  temperature  16°  C,  the  resistance  of  silvei  at 
O"  C.  being  denoted  by  100:— 

Specific!  Resibtamceb  at  15°  C. 


Silrer, 107  i    Pallwlinm, 

Copper, 112  iron,     .'   . 

Gold, 155  Lead, 

Cadmium, 407  j    Platinum, . 

Zino, 414  Mercuty,  . 

Tin, 734  I 


On  comparing  this  list  with  the  list  of  thermal  conductivities,  §  33S, 
it  will  be  observed  that  the  order  is  precisely  the  same  as  &r  as  the 
comparison  extends,  and  that  the  numerical  values  are  neariy  in 
inverse  proportion,  showing  that  electrical  and  thermal  c<mdvdh'i- 
ties  are  nearly  in  direct  proportion. 

644.  BeslBtance  of  Idquids. — The  resistaoM 
of  liquids  can  be  determined  on  similar  prin- 
ciples, the  current  being  transmitted  between 
two  parallel  plates  of  metal  immei^  m  the 
liquid.  One  form  of  apparatus  for  this  pur- 
pose is  represented  in  Fig.  469.  Care  mnst 
be  taken  to  employ  metals  which  will  not 
give  rise  to  electro-motive  force  by  chemicsl 
action. 

The  resistance  even  of  the  best  condacting 

liquids,  except  mercury,  is  enormonaly  greater 

than  that  of  metals.     For  instance,  in  rounJ 

Fie.  4W.-Ra[itaiies  of  LUiddi.    numbers,  the  resistance  of  dilate  salpburic 

acid  is  a  million  times,  and  that  of  solution 

of  sulphate  of  copper  ten  million  times  greater  than  that  of  pure 

silver.    The  resistance  of  pure  water  is  very  much  greater  than  either 

of  these. 

In  the  cells  of  a  galvanic  battery,  the  current  has  to  traverse  liquid 
conductors,  and  the  resistance  of  these  is  sometimes  a  large  part  of 
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as  is  the  case  when  the  poles  are  connected  by  a  short  fbick.  vire,  ■ 
change  in  the  number  of  cells  affects  numerator  and  denominator 
almost  alike,  and  produces  no  sensible  change  in  the  carreni  It  ia 
impossible,  by  connecting  any  number  of  similar  cells  in  a  aena,  to 
obtain  a  current  exceeding  — ,  which  is  precisely  the  current  which 
one  of  the  cells  would  give  alone  if  its  plates  were  well  connected 
by  a  short  thick  wire. 

It  is  possible,  however,  by  a  different  arrangement  of  the  cells,  to 
obtain  a  current  about  n  times  stronger  than  this,  namely,  by  cod- 
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necting  all  the  zinc  plates  to  one  end  of  a  conductor,  and  all  the 
carbons  or  coppers  to  the  other  end,  as  in  Fig.  470.  In  the  arrange-  i 
ment  of  three  ceUs  here  figured,  the  current  which  passes  through  the 
spiral  connecting  wire  is  the  sum  of  the  currents  which  the  tliree  cell? 
would  give  separately.  The  arrangement  is  equivalent  to  a  single 
cell  with  plates  three  times  as  large  BUper6cially,  and  at  the  same 
distance  apart  The  electro-motive  force  with  n  cells  so  arranged  i> 
simply  e,  but  the  resistance  is  only  —  +  R,  so  that  the  current  is 


This  system  of  arrangement  may  be  called  arrangiTtg  the  eeUa  a» 
tme  eleTnent  It  has  sometimes  been  called  the  arrangement  Jot 
quaviity,  the  arrangement  in  a  series  being  called  tbe  arrangement 
for  intensity. 

If  in  Fig.  470  we  substitute  for  each  of  the  three  cells  a  atrifi 
consisting  of  fotur  cells,  the  electro-motive  force  in  circuit  will  be  4f, 
and  the  resistance  in  circuit  will  be  t  +  R.  for  e*w5h  series  has  a 
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distance  of  4  r,  and  three  parallel  series  connected  at  the  ends  are 
juivaJent  to  a  single  series,  of  the  same  electro-motive  force  as  one 
:  the  component  series,  and  of  one-third  the  resistance.  The  current 
zli  therefore  be 

Q  ^     4e 12g      ^     € 

8  3       4 

The  question  often  arises,  What  is  the  best  manner  of  grouping  a 
ren  number  of  cells  in  order  to  give  the  strongest  possible  current 
mgh  a  given  external  conductor?  The  answer  is,  they  should  be 
grouped  that  the  internal  and  external  resistance  should  be  as 
dy  as  possible  equal;  for  example,  if  we  have  12  cells  as  above, 

I  the  resistance  B  in  the  given  conductor  is  j  of  the  resistance  of 

of  these  cells,  the  arrangement  just  described  is  the  best.^ 

47.  Kvided  Circoits. — When  two  or  more  wires  are  connected  in 

\  that  is  so  as  to  form  one  continuous  wire,  the  resistance  of  the 

leisthe  sum  of  the  resistances  of  the  wires  composing  it 

n  the  other  hand,  when  two  or  more  wires  are  arranged  side  by 

and  connected  at  each  end,  so  as  to  constitute  so  many  indepen- 

channels  of  communication  between  the  ends^  the  joint  resist- 

is  evidently  less  than  the  resistance  of  any  one  of  the  wires, 
n  such  an  arrangement  occurs  in  any  part  of  a  circuit,  the  circuit 
d  to  be  divided.  If  the  several  wires  are  of  the  same  length 
Daterial,  they  act  as  one  wire  having  a  section  equal  to  the  sum 
iiT  sections,  and  the  joint  resistance  is  the  quotient  of  the  resist- 
>f  one  of  the  wires  by  the  number  of  wirea     More  generally, 

reciprocal  of  the  resistance  of  a  conductor  be  called  its  con- 
fgf  power,  the  conductiTig  power  of  a  system  of  wires  thus  co^i- 

at  both  ends  is  the  sum  of  the  conducting  powers  of  the 
I  wires  which  compose  it.  Thus,  in  Fig.  471,  if  r^,  r,  denote 
sistances  of  the  wires  ach,  adb,  their  joint  resistance  B  will 
in  by  the  equation 

%d  of  S  and  4,  put  x  for  the  number  of  eeriee,  and  y  for  the  number  of  ce]l8  in  » 

Then  tlie  current  wiU  be  r      R»  And  wiU  yair  inverBely  as  —  +  -- .   Now  the  pro* 

— +  —  X      y 

X     y 

and.  —  is  given,  being  the  quotient  of  r  R  by  the  whole  number  of  celLi ;  and  when 

3t  of  tr^^o  variables  is  given,  their  sum  is  least  when  they  are  equal,  and  increases 
•e  jnstcle  more  and  more  unequal.  As  x  and  y  must  be  integers,  exact  equality 
Lerally  be  obtained. 

44 
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647a.  W]i«atatone's  Bridge. — In  any  wire  through  which  a  cuTreni 
is  flowing  steadily,  without  leakage  or  lateral  ofisboote,  the  amooni 


of  the  current  is  equal  to  the  difference  of  poteTUial  between  the  ends 
of  the  wire,  divided  by  tite  resistance  of  Ike  wire,  the  units  employed 
being  the  same  as  those  which  make  C  =  g  for  the  whole  circuit 
The  same  thing  is  true  for  any  portion  of  the  length  of  such  a  -v'm. 
and,  still  more  generally,  for  any  portion  of  a  circuit,  whether  sdnglf 
or  divided,  terminated  by  equipotential  crosa-sectiona,  provided  that 
no  source  of  electro-motive  force  occurs  in  it.  It  follows  that,  in 
travelling  along  such  a  wire  with  the  current,  the  fall  of  potential  'a 
proportional  to  the  resistance  travelled  over,  or  equal  falls  of  poten- 
tial occur  in  traversing  equal  reteietancea.  This  rule  does  not  applj 
to  the  comparison  of  the  two  independent  channels  of  a  divided  cir- 
cuit, unless  equal  currents  are  passing  through  them.  It  applies  to 
the  comparison  of  any  two  wires  which  are  conveying  equal  currents, 
and  it  is  not  applicable  to  the  comparison  even  of  difiTerent  portions 
of  the  same  wire  i^  owing  to  leakage,  the  current  is  unequal  at  dif- 
ferent parts  of  its  length. 

Equality  of  potential  in  two  points  of  a  divided  circuit  can  li 
tested  by  observing  whether,  when  they  are  connected  by  a  cross- 
channel,  any  current  passes  between  them.  This  principle  has  been 
applied  by  Wheatstone,  Thomson,  and  others,  to  the  measurement  ct 
resistances,  and  the  apparatus  employed  for  the  porpose  is  generally 
known  as  Wkeatatone'a  bridge.  It  is  typically  represented  in  Fig. 
4,71a. 

The  poles  P,  N  of  a  battery  are  connected  by  two  iudependeot 
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as  in  Fig.  434,  with  ifcs  poles  connected  by  a  long  wire  whose  lesoat- 
ance  is  double  that  of  the  battery. 

The  base-line  AC  represents  the  total  resistance  in  circuit,  AB 


Fig.  471 B.— Curve  of  Potautial  ibr  Clooed  Cirouit. 


being  the  resistance  of  the  battery,  and  BC  that  of  the  connecting 
wira  We  suppose  the  negative  pole  to  be  connected  with  the  earth 
(which  will  not  affect  the  current),  so  that  its  potential  is  zero.  If 
any  other  part  of  the  circuit  be  connected  with  the  earth  instead  of 
this,  the  potentials  here  indicated  must  all  be  diminished  by  a  con- 
stant quantity. 

The  potential  rises  suddenly  in  passing  from  the  first  zinc  to  the 
acid  in  contact  with  it.     Thence  it  falls  gradually  to  the  copper, 
which  may  be  regarded  as  having  the  same  potential  with  the  part 
of  the  acid  in  contact  with  it,  and  also  with  the  zinc  of  the  second 
cell  which  is  in  metallic  connection  with  it.     These  two  suppositions 
are  probably  not  quite  correct,  as  there  is  reason  to  believe  that  some 
difference  of  potential  always  exists  between  dissimilar  substances 
in  contact,  but  for  our  present  purpose  these  small  differences  maybe 
neglected.     Similar  changes  of  potential  occur  in  travelling  through 
the  other  cells,  and  in  each  instance  the  gradual  fall  is  one-third  of 
the  sudden  rise  (if  the  internal  resistance  of  the  battery  be  half  the 
external).     The  distribution  of  potential  may  be  stated  in  tabular 
form  as  follows,  the  electro-motive  force  of  each  cell  being  called  3 : — 


PotentiaL 

IVytantttL 

r  Zinc,      .    . 

.     .     0 

( Zinc,      .    . 

.     .     4 

IstoeU 

1  Acid,     .     . 

.     .     8to2 

Sd  ceU  1  Acid,     .     . 

.    .    7to6 

[  Copper, .    . 

.     .     2 

( Copper,      .     . 

.     .     6 

r  Zinc,     .     . 

.     .     2 

I  Zinc,     .     .     , 

.     .    6 

2d  coll  ' 

Add,     .     . 

.     .    5to4 

4thoell<  Add,    .     •  '  . 

.     .     9io8 

[  Copper, 

.    .    4 

( Copper,      .     , 
Conneoting  wire,     .     .    . 

.     .     8 

,   .   atoO 

CHOICE  OF  QALVAKOMEn 

AD  or  twelve  repreaenta  the  whole  electro-mo 
snd  if  the  external  resistance  were  infinite, 
connected,  the  sloping  lines  marked  3,2 ;  5,4  ; 
sloping  hut  horizontal,  and  would  have  to  be 
12,12. 

S47c.  Keasaremest  of  BoBiBtasee  of  Batte 
battery  may  be  measured  in  various  ways, 
describe  one. 

Let  the  poles  of  the  battery  be  directly  co 
meter  whose  resistance  is  either  very  small  o 
let  the  deflection  be  noted.  Then  let  a  wire 
introduced  into  the  circuit,  and  the  deflectioi 
cuirenta  thus  measured  will  be  inversely  as 
electro-motive  force  is  the  same  in  both  case 
the  galvanometer  coil  he  denoted  by  G,  tha 
in  the  second  case  by  W,  and  that  of  the  ha 
amounts  of  current  be  denoted  by  C^,  C,,  ¥ 
whence  x  can  be  determined. 

548.  Choice  of  aalvaaometer. — The  circt 
influence  the  choice  of  a  galvanometer  coil  : 
will  now  be  intelligible  If  stout  wire  is  ea; 
small,  but  it  is  not  practicable  to  multiply  o 
extent  Short  coils  of  thick  wire  are  accon 
nection  with  thermo-piles,  the  resistance  in 
small  that  the  total  resistance  in  circuit  is  m 
number  of  convolutiona 

When,  on  the  other  hand,  the  resistance  ii 
circuit  is  very  considerable,  the  resistance  o 
becomes  comparatively  immaterial,  so  that, 
the  deflection  of  the  needle  is  nearly  propoi 
convolutions,  and  a  coil  composed  of  a  great 
the  maximum  effect. 

In  both  cases,  for  a  given  length  and  di 
sibility  increases  with  the  conductivity  of  tl 
wire^  Copper  is  the  metal  universally  em 
of  immeDse  importance  for  purposes  of  deli< 
increase  its  resistance  by  50  or  even  100  per 
549.  MeaBorement  of  Electro-motive  Force, 
of  comparing  the  electro-motive  forces  of  cells 


678  ohm's  law. 

be  to  obserre  how  many  cells  of  the  one  kind  amuiged  in  series  most 
be  opposeij  to  a  given  number  of  the  other  kind,  in  order  that  the 
resultant  electro-motive  force  may  be  nil  as  indicated  by  the  ahsence 
of  deflection  in  a  galvanometer  forming  part  of  the  drcuit  For 
example,  if  two  Daniell's  cells  and  one  Grove's  cell  be  connected  with 
each  other  and  with  a  galvanometer,  in  auch  a  manner  that  the  cur- 
rent due  to  the  Daniell  is  in  one  direction,  and  that  due  to  the  Grove 
is  in  the  opposite  direction,  the  current  actually  produced  will  be  in 
the  direction  of  the  greater  electromotive  force.  It  will  thus  be 
shown  whether  the  electro-motive  force  of  a  Grove's  cell  is  more  m 
less  than  double  that  of  a  Daniell'a  This  method  has  not  been  mudi 
used. 

Another  method  of  comparison  consists  in  first  connecting  the  two 
cells  to  be  compared,  so  that  their  electro-motive  forces  tend  the  same 
way,  and  then  again  connecting  them,  so  that  they  tend  oppo^le 
ways,  the  resulting  current  being  observed  in  both  cases  with  the 
same  galvanometer.  The  resistance  in  drcuit  is  the  same  in  both 
cases,  being  the  resistance  of  the  galvanometer  plus  the  sum  of  the 
resistances  of  the  cells ;  hence  the  currents  will  be  fdmply  as  the 
electro- motive  forces,  that  is  to  say,  as  Ej+E,  to  Ei— E^  if  E|  and 
Ej  denote  the  electro-motive  forces  of  the  cells.  Hence  the  ratio  of 
El  to  E]  is  easily  computed. 

Another  method,  which  has  been  employed  by  Jules  Regnault,  is 


Fig.  4TI,— Jul*  tttgnanlt^i  Appuatu. 

illustrated  by  Fig.  472.     It  consists  in  balancing  the  electro-motive 
force  of  the  cell  P  which  is  to  be  tested,  by  that  of  a  series  of  thermo- 
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601.  Heaning  of  Electro-dyLamicB. — A  wire  through  which  a  cur- 
rent ia  passing,  ia  found  to  be  cajmble  of  producing  movemenU  in 
other  wires  also  conveying  currents.  The  theory  of  these  move- 
ments, or  more  generally,  of  the  mechanical  actions  of  currents  upon 
one  another,  constitutes  a  distinct  branch  of  electrical  science,  and  is 
called  electro-dynamics.  It  stands  in  very  close  relation  to  electro- 
magnetism  ;  and  if  the  laws  of  either  of  the  two  sciences  are  given, 
those  of  the  other  may  be  deduced  as  consequences. 

The  science  of  electro-dynamics  was  founded  by  Ampere.    Rga 
473,  474  represent  xn  arrangement  which  he  devised  for  rendeiing 
a  conductor  movable  with- 
out interruption  of  the  cur- 
rent conveyed  by  it 

A  wire  is  bent  into  the 

form  of  a  nearly  complete 

rectangle,  and  its  two  ends 

terminate     in     points,    one 

above  the  other,  so  arranged 

that  a  vertical  through  the 

centre     of    gravity     passes 

through    them    both,      Ac- 

cordinelv,  if  either  or  both 

01  these  points, be  supported. 

the  wire  can  turn  freely  about  this  vertical  as  axis.     The  points 

dip  into  two  small  metallic  cups  x  y  containing  mercur)',  and  the 

weight  is  usually  borne  by  the  upper  point  alone,  which  touches 

the  bottom  of  its  cup.    The  cups  are  attached  to  two  horizontal 

arms  of  metal,  supported   on  metallic  pillars,  which  can  be  con- 
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nected  with  the  two  termitials  of  a  batfa 
[art  of  the  circuit,  the  current  being  dowi 
ind  up  the  other.     Instead  of 
the    rectangular    the    circular 
form  may  be  employed,  as  in 
Fig.  475. 

If  a  magnet  be  placed  be- 
neath, as  in  Fig.  474,  the  wire 
frame  will  set  its  plane  perpen- 
dicular to  the  length  of  the 
magnet,  the   relative  position 
assumed  being  the  same  as  if 
the  wire  frame  were  fixed,  and      j^^^E 
the  magnet  freely  suspended,     V^^^^ 
if  we  neglect   the   disturbing        ""f^**!; 
effect    of    the    earth's     mag-  ^v  * 

netism. 

952.  If ataal  Forces  between  Condactora 
following  elementary  laws,  regarding  the 
tween  conductors  through  which  currents 
tng,  were  established  by  Ampfere.  For  b 
expression,  it  is  usual  to  speak,  in  this  sen 
mutiuU  forces  bettveen  currents,  or  of  the 
•Jteckaniail  action  of  currents. 

I  Sitcceaaive  portions  of  the  same  re 
current  repel  OTie  another.^ 

This  is  proved  by  the  aid  of  two  trough 
cury  separated  by  a  partition  (Fig.  476). 
nished  wire  is  bent  into  such  a  form  that  I 
on  the  surface  of  the  mercury  in  the  tw( 
with  each  other  by  an  are  passing 
over  the  partition.     The  only  por- 
tions without  varnish  are  the  ends.       ^g^ 
Vhea  the  terminals  of  a  battery  are     s| 
inserted   in  .the  mercury,  opposite      *' 
the  ends,  as  showa  in  the  figure, 
tie  circuit  is  completed  through  the  wire, 
tiie  wire  moving  away  to  the  further  end 
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11.  Parallel  currentdy  if  in  the  same  direction,  aMract,  and  if  in 
4he  opposite  direction,  repel  each  other. 

The  apparatus  employed  for  demonstrating  this  twofold  proposi- 
tion, consists  of  two  metallic  pillars  t,  v  (Fig.  4?77),  which  are  respec- 
tively connected  at  their  upper  ends  with  the  two  cups  of  mercury  a:,  y. 
The  rectangular  conductor  abcde  is  suspended  with  its  terminal 
points  in  these  cups  so  as  to  complete  the  circuit  between  the  piUars. 
When  the  current  is  passed,  this  movable  conductor  always  places 


liMtt,. 


Fig.  477.— Attraction  of  PanUel  CuiientB. 


Fig.  478. — ^Appatatvui  for  BepokkB. 


itself  SO  that  its  plane  coincides  with  that  of  the  two  pillars,  and  so 
that  currents  in  the  same  direction  in  the  pillars  and  in  the  wire  aie 
next  each  other,  as  shown  in  the  figure. 

For  establishing  repulsion,  a  slightly  different  form  of  wire  is 
employed,  which  is  represented  in  Fig.  478.  When  this  is  hung  from 
the  cups,  in  the  position  which  the  figure  indicates,  the  currents  in 
the  pillars  are  in  opposite  directions  to  those  in  the  neighbouring 
portions  of  the  movable  conductor,  and  the  latter  accordingly  turns 
away  until  it  is  slopped  by  the  collision  of  the  wires  above. 

III.  Currents  whose  directions  are  inclined  to  each  other  at  any 
angle,  attract  each  other  if  they  both  flow  towards  the  vertex  of  iiif 
angle,^  or  if  they  both  flow  from  it,  and  repel  each  other  if  one  of 
them  flows  towards  the  angle,  and  the  otlierfrorfi  it 

A  consequence  of  this  law  is  that  two  currents,  as  A B,  DC  (Fig. 
479),  crossing  one  another  near  O  in  different  planes,  tend  to  set 
themselves  parallel,  and  so  that  their  directions  shall  be  the  same. 


^  If  the  currents  are  not  in  the  same  plane,  we  must  substitate  the  f«et  qf  their  common 
^perpendicular  for  the  vertex  of  ike  angle,  in  the  enunciation  of  this  law. 
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r  them  is  attraction  between  the  portions  AO  and  DO,  and  also 

tweea  the  portions  OB  and    OC;   whereas  there  ia  repulsion 

;ween  AO  and  OC,  and  between 

B  and   0  D.     Accordingly,   if  the 

vable   conductor  of    Fig.    477  or 

t  be  traversed   by  a  current,  and 

ther  wire  carrying   a  current  be 

xd  horizontally  at  any  angle  un- 

leath  its  lower  side,  the  movable 

ductor  will   turn  on  its  point  of 

«nsion  tiU  it  becomes  parallel  to        BH7tf.-T«d«w,  «o -t  p«aw. 

wire  below  it;  and  in  the  position 

Able  equilibrium  the  current  in  its  lower  side  will  have  the  same 

jtioa  as  that  in  the  influencing  wire. 

13.  Coatinnoiu  notation  prodaoed  by  a  Ciroular  Oorrent. — Suppose 

ave  a  current  flowing  round  a  circle  (Fig.  480),  and  also  a  current 

ing  along  OA,  which  is  approximately  a  radius  of  this  circle. 

let  the  current  in  QA  be  from  the 
e  towards  the  circumference,  as  indi- 

in  the  figura  Then,  by  law  III.,  0  A 
racted  on  one  side  and  repelled  on  the 
,  both  forces  combining  to  make  OA 
» round  the  circle  in  the  opposite  direc- 

0  that  in  which  the  circular  current  is 
ig.  If  the  current  in  OA  were  from 
iference  to  centre,  the  tendency  would 

Fig.  ISO.— CDUtEnDoaiRotetlon 

'  OA  to  sweep  round  the  circle  in  the  ot lUdui  cuitsdi. 

iirection  as  the  circular  current, 
reasoning  still  holds  if  O  A  is  in  a  plane  parallel  to  that  of  the 

r  current,  O  being  a  point  on  the  axis  of  the  circle  and  the 
of  O  A  being  not  greater  than  the  radius. 

rciil&r  carrent  may  also  produce  continuous  rotation  in  a  con- 
parallel  to  the  axis  of  the  circle,  and  movable  round  that 

Fig.  -*81  represents  an  arrangement  for  obtaining  this  effect. 

1  of  ■wire  through  which  a  current  can  be  sent,  is  wound  round 
per  basin  EF,  its  extremities  being  connected  with  the  bind- 
■^v^3  '771',  o.  From  the  centre  of  the  basin  rises  the  little 
'  pillar  A,  terminating  above  in  a  cup  containing  mercury. 
lar  is  connected  with  the  binding-screw  n.  The  basin,  wliich 
cted  ■with  the  binding-screw  p,  contains  water  mixed  with  a 
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little  acid  to  improve  its  conducting  power,  and  a  movable  coiidwtor 
BC  rests,  by  a  point,  on  the  bottom  of  the  cup  of  mercury,  while  its 
lowest  portion,  which  consists  of  a  light  hoop,  dips  in  the  acidulated 
water.     By  connecting  m.  and  n  a  single  circuit  is  obtained,  of  whidi 


o  and  p  are  the  terminals,  so  that  if  o  is  connected  with  the  positive  ! 
and  p  with  the  negative  pole  of  a  battery,  the  current  entering  at  o 
first  traverses  the  wire  coil,  then  ascends  the  pillar  A,  returns  down 
the  sides  B,  C  to  the  floatiug  ring  and  liquid,  and  so  escapes  to  p-  i 
Aa  soon  as  these  connections  have  been  completed,  the  movable  con- 
ductor commences  continuous  rotation  in  the  direction  opposite  to  I 
that  of  the  current  in  the  coil. 

If,  instead  of  connecting  m  and  n,  we  connect  n  and  o,  and  lead 
the  positive  wire  from  the  battery  to  p  and  the  negative  wire  to  n, 
the  course  of  the  current  will  be  from  p  to  the  acid,  thence  up  the 
sides  B,  C,  and  inwards  along  the  top  of  the  movable  conductor  to  the 
mercury  cup,  then  down  the  pillar  to  n,  thence  to  o,  and  through  tbc 
coil  from  o  to  th  in  the  same  direction  as  in  the  former  experiment: 
but  the  rotation  of  the  movable  conductor  will  now  occur  in  the 
opposite  direction  to  that  before  observed,  and  therefore  in  the  same 
direction  as  the  current. 

664.  Action  of  an  Indefinite'  Eectilinear  Oorrest  upon  a  Finita  Car- 
rent  movable  around  one  Extremity. — A  finite  current  movable  aboat 
one  extremity  may  also  be  caused  to  rotate  continuously  about  this 
extremity  by  the  action  of  an  indefinite  rectilinear  current  This  a 
clearly  indicated  by  Fig.  482.  In  the  right-hand  diagram,  the  cur- 
io/jreotint^oiomparMDa  tntk 
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t  OA  flowing  oatwards  from  the  centre  of  motion  O,  and  acted 

by  tbe  iadefinite  current  MN,  is  first  attracted  into  the  position 

.'.   In  thia  new  position  it  is  repelled  by  n  N,  and  attracted  by 

L   It  is  thus  brought  successively  into  the  positions  O  A",  O  A'", 

".     In  thia  laat- 

itioDed      position, 

two  cuirenta  being 

Jlel  and  opposite, 

eisrepubion;  and 

'  passing  it,  there 

^Q  repulsion  on 

ide  and  attraction 

le  other,  till  it  is 

:d   round   to   its 

position  OA.       It  FU  m-HoUtionrflUdl^Cnr™*. 

us  kept  in  con- 

I  rotation.     If  the  movable  current  flows  inwards  to  the  cenb« 

tion  O,  as  in  the  left-hand  diagram,  while  the  direction  of  the 

oite  current  is  the  same  as  before,  the  direction  of  rotation  will 

ersed. 

,  Action  of  an  Indefinite  Rectilinear  Current  on  a  Finite  Current 

idicalar  to  it. — Let  MN,  in  the  upper  half  of  Fig.  483,  be  an 

lite  rectilinear  current,  and 

portion  of  another  current 

LQ  the  same  or  in  any  other 

In  the  latter  case  let  DC 
common  perpendicular. 
if  the  currents  have  the 
ns  represented  by  the  ar- 
1  element  at  p  will  attract 
lent  at  m  with  a  force 
e  may  represent  by  a  line 
d  an  element  at  p' equal  to 
:>  an  d  situated  at  the  same 

from  C  on  the  other  side,        fig.  tss.— Tmuiitian  Puiud  to  indeaniu 
?2  the  element  at  m  with 

force,  represented  by  m/.  Constructing  the  parallelogram 
,  the  resultant  force  of  these  two  elements  upon  m  is  repre- 
y  the  diagonal  mF,  which  is  parallel  to  MN  and  in  the 
direction  to  the  indefinite  current    As  this  reasoning  applies 
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to  all  the  elements  of  both  currents,  it  follows  that  the  cmrent  AB 
will  experience  a  force  tending  to  give  it  a  motion  of  transUtioD 
parallel  to  MN.  This  motion  will  be  opposite  to  the  direction  of  the 
indefinite  current  when  the  direction  of  the  finite  current  is  towards 
the  common  perpendicular  DC,  as  in  the  upper  diagram,  and  will  be 
in  the  same  direction  as  the  indefinite  current  when  the  direction  of 
the  finite  current  is  from  the  common  perpendicular,  as  in  the  hwa 
diagram. 

656.  Action  upon  a  Bectan^lar  Oorrent  movable  aboat  u  Aijf 
Ferpendioular  to  an  Indefinite  Current. — It  follows  from  the  precedii^ 
section  that  if  a  finite  current  AB  (Fig.  484),  perpendicular  to  >o 


Fig.  1«4.— Fodtkn  unmi 

indefinite  current,  is  movable  round  an  axis  O  O'  parallel  to  itself^  the 
plane  A  6  0  O'  will  place  itself  parallel  to  the  indefinite  current,  and 
AB  will  place  itself  in  advance  or  in  rear  of  the  axis  according  u 
the  current  in  AB  is  from  or  towards  the  indefinite  current 

If  a  pair  of  parallel  and  opposite  currents  BA,  A'B",  rigidly  om- 

nected  together,  and  movable  round  the  axis  O  0'  lying  between  them. 

are  submitted  to  the  action  of  the  indefinite  current,  the  forces  upon 

them  will  conspire  to  place  the  system  in  the  position  indicated  in 

the  figure.     If  the  two  currents  A  B,  A'B  are 

both  in  the  same  direction,  their  tendendes 

to  revolve  round  the  axis  O  O'  will  counteract 

each  other. 

557.  Aotion  upon  a  Bectan^rnlu  Cnirent 

movable  round  an  Axis  Perpendioolar  to  u 

Indefinite  Ourrent. — If  a  rectangular  cuirent 

(Fig.  485)  is  movable  round  an  axis  oo'  per- 

bj  EeetMiniir  Cnrnnf,  pendicular  to  tlic  direction  of  the  indefinite 

rectilineal  current,  we  have  just  seen  that  the 

action  upon  the  two  sides  of  the  rectangle  which  are  perpendicular 

to  the  latter,'  tends  to  place  the  system  so  that  its  plane  shall  be 
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parallel  to  the  indefinite  current,  and  that  the  side  which  carries  the 
receding  current  shall  be  in  advance  of  the  other.  The  action  upon 
the  near  side  of  the  rectangle  contributes  to  produce  the  same  effect, 
since  this  side  tonds  to  set  itself  parallel  to  the  influencing  current^ 
ftod  80  that  the  directions  of  the  two  shall  be  the  same. 

The  action  upon  the  further  side  of  the  rectangle  tonds  to  produce 
an  opposite  effect ;  but,  in  consequence  of  the  greater  distance,  this 
action  is  feebler  than  that  upon  the  near  side.  The  system  accord- 
ingly tends  to  take  the  position  of  stable  equilibrium  represented  in 
the  right-hand  half  of  the  figura  The  diagram  on  the  left  hand 
represente  a  position  of  unstable  equilibrium. 

What  is  here  proved  for  a  rectangular  current,  is  true  for  any 
closed  plane  circuit  movable  round  an  axis  of  symmetry  perpendicular 
to  an  indefinite  rectilinear  current;  that  is  to  say,  any  such  circuit 
tends  to  place  itself  so  that  the  current  in  the  near  side  of  it  is  in 
the  same  direction  as  the  indefinite  current. 

The  resulte  of  §  556  can  be  verified  experimentally  by  the  aid  of 
the  apparatus  represented  in  Fig.  486.  CC,  DD  are  two  cups  (shown 
in  section)  surrounding  the  me- 
tallic pillar  AB  at  its  upper  and 
lower  ends,  and  containing  a  con- 
dacting  liquid.  The  lower  cup  is 
insulated  from  the  pillar,  and  con- 
nected with  the  binding-screw  g. 
The  liquid  in  the  upper  cup  CC 
is  connected  with  the  upper  end 
of  the  pillar  by  the  bent  arm!  d  m. 
oK  is  a  light  horizontal  rod  sup- 
ported on  a  point  at  B,  and  carry- 
ing a  counterpoise  K  at  one  end, 

irhile  the  other  carries  a  wire  ranop,  whose  two  ends  Tim  and  op 
descend  vertically  into  the  two  cups,  the  middle  portion  of  the  wire 
being  wrapped  tightly  round  the  rod.  The  binding-screw  /  is  con- 
nected with  the  lower  end  of  the  pillar.  If  a  current  enters  at  /  and 
leaves  at  g^  ite  direction  in  the  long  vertical  wire  op  will  be  descending; 
and  it  will  be  ascending,  if  the  connections  are  reversed.  By  sending 
a  current  at  the  same  time  through  a  long  horizontal  wire  in  the 
neighbourhood  of  the  system,  movemente  will  be  obtained  in  accord- 
"wiih  the  foregoing  conclusions. 
SSSm  Sinuons  CurrentB. — ^A  sinuous  current  exhibits  tHe  same  action 


^^v^^^-^^^^-^^ 


Fig.  486.— Position  awomed  by  Vertical  Current. 
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as  a  rectilinear  current,  provided  that  they  nowhere  deviate  far  £rom 
each  other.  This  principle  can  be  exemplified  by  bringing  pear  to  a 
movable  conductor  (Fig.  487)  another  conductor  consisting  of  a  wire 
doubled  back  upon  itself,  having  one  of  its  portions  straight,  and  the 
other  sinuous,  but  very  near  the  first  A  current  sent  through  this 
double  wire  traverses  the  straight  and  the  sinuous  portions  in  oppo- 
site directions,  and  it  will  be  found  that  their  joint  effect  upon  the 
movable  conductor  is  inappreciable. 

This  principle  holds  not  only  for  rectilinear  currents  but  for  cur- 
rents of  any  form,  and  is  very  extensively  employed  in  the  analytical 
investigations  of  electro-dynamics.  In  computing  the  action  exer- 
cised by  or  upon  a  conductor  of  any  form,  it  is  generally  convenient 


f ' 
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Fig.  487. 


SinoouB  Canenta. 


Fig.  48S. 


to  substitute  for  the  conductor  itself  an  imaginary  conductor,  neariy 
coincident  with  it,  and  consisting  of  a  succession  of  short  straight 
portions  at  right  angles  to  one  another  (Fig.  488). 

659.  Mutual  Action  of  Two  Elements  of  Currents. — Ampere  based 
his  analytical  investigations  on  the  assumption  that  the  action  exer- 
cised by  an  element  {i.  e.  a  very  short  portion)  of  one  current  upon  an 
element  of  another,  consists  of  a  single  force  directed  along  the  join- 
ing lina  This  assumption  conducted  him  to  a  formula  for  the  amount 
of  this  force,  which  has  been  found  to  give  true  results  in  every  case 
capable  of  being  tested  by  experiment  Nevertheless,  it  is  by  no 
means  certain  that  either  Ampere's  formula  or  his  fundamental 
assumption  is  true.  Other  assumptions  have  been  made,  leading  to 
other  formulsB  in  contradiction  to  that  of  Ampere,  which  also  give 
true  results  in  every  case  capable  of  being  experimentally  tested 
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The  feet  is  that  experiments  can  only  be 
dmuits,  &nd  the  contradictions  which  sul 
aisuDiptJons,  in  the  case  of  the  several  par 
the  circuit  is  considered  as  a  whole.  All  t 
in  makJDg  the  mutual  force  or  forces  bi 
ioverselyaa  the  square  of  their  distance,  a 
ofihe  currents  which  pass  through  them. 
iiscardg  all  assumptions  as  to  mutual  act: 
distance,  and  employs  the  principle  that  a 
j  always  tends  to  move  in  such  a  manner  a: 
noetic  force-tubes  (in  the  sense  of  §  44 
The  work  done  in  any  displacement  is  n 
tubes  thus  added ;  but  tubes  which  cross 
direction  to  those  due  to  the  current  in  th 
»s  negative 

We  have  seen  (§  531  A,  b)  that  the  lini 
a  durent  are  circles  surrounding  it;  an 
mgnetic  force  cuts  a  current,  the  latter  » 
to  move  it  at  right  angles  to  the  plane  of 
Id  the  case  of  two  parallel  currents,  each  i 
lines  of  magnetic  force  due  to  the  other ; 
t.^rienced  by  either  current  is  therefo 
'Jther  current ;  and  the  criterion  of  §  S31 
attraction  -when  the  directions  of  the  c 
tepnlsion  when  they  are  opposite. 

In  Fig,  480  the  lines  of  magnetic  foi 
petpendicalar  to  the  plane  of  the  diagra 
Alices  a  force  perpendicular  to  its  own 
iagnm ;  and  the  same  remarks  apply  to 
uperimental  facts  above  detailed  are  in  fa 
t^xpeiiment  of  Fig.  476,  where  the  applic 
IS  in  the  other  cases,  the  observed  motioi 
<^irect(oa  in  which  the  bridge  or  arc  conn< 
nt  by  the  lines  of  force.' 

SCO.  Action  of  the  Earth  on  Correiite 
signetism,  movable  circuits,  when  left  ' 
^te  poeitiotis  having  well-marked  relatii 

'  Uiivell  "On  Vn*dMf»  line*  of  Force."  Camh. 
'  Some  fnrUm-  remukt  on  tha  foroei  experienced  bj 
iwd  in  Clwp.  lii. 
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magnetic  force.  For  example,  in  the  apparatus  of  Fig.  486,  the  ver- 
tical wire  op  will  place  itself  to  the  west  or  east  (magnetic)  of  the 
pillar  AB,  according  as  the  current  in  o;>  is  ascending  or  desceuding. 
This  effect  is  due  to  the  horizontal  component  of  terrestrial  mag- 
netism. 

In  the  apparatus  of  Fig.  481,  if  the  current  be  sent  only  through 
the  movable  portion,  continuous  rotation  will  be  produced,  which  vill 
be  with  or  against  the  hands  of  a  watch  according  as  the  corrent  in 
the  top  wires  is  inwards  or  outwarda  This  effect  is  due  to  the  ver- 
tical component  of  the  earth's  magnetism,  acting  on  the  currents  in 
the  horizontal  wires.  Vertical  lines  of  magnetic  force  felling  on  x 
horizontal  current  give  the  latter  a  tendency  to  move  perpendicular 
to  its  own  length  in  a  horizontal  plane. 

661.  Solenoids. — If  we  suspend  from  Ampere's  stand  (Fig.  473)  & 
plane  circuit,  whether  rectangular  or  circular,  it  will  place  ifcself 
perpendicular  to  the  magnetic  meridian,  in  such  a  manner  that  the 
current  in  its  lower  side  is  from  east  to  west;  or,  in  other  words,  so 
that  the  ascending  current  is  in  its  western  and  the  descending  cur- 
rent in  its  eastern  side ;  this  effect  being  due  to  the  action  of  tlie 
horizontal  component  of  terrestrial  magnetism  upon  the  ascending 
and  descending  parts  of  the  current.  If,  then,  we  have  a  number 
of  such  circuits,  rigidly  coimected  together  at  right  angles  to  a  com- 
mon axis,  and  with  their  currents  all  circulating  the  same  way,  their 
common  axis  will  tend  to  place  itself  in  the  magnetic  meridian,  like 

..  the  axis  of  a  magnet    Such& 

f     ■     .     ^  aJIa  system  was  called  by  Ampere  a 

A  AAA  AAA  A  A  A  A  A    solenoid  (^«X4k,  a  tube),  and  ^ 

UUUUUUUUUUUU    realized  by  him  in  the  foUowing 

manner. 


'7r-yY7r7Y7r7V7Y7V7V7f  Imagine  a  wire  bent  into  such 

UUUUUUUUUU         ^  ®^^P®  ^  ^  consist  of  a  number 

of  rinsfs  united  to  each  other  by 


straight  portiona     It  will  differ 
from  a  theoretical  solenoid  only 

Fig.  49i.-sotoaoidiL  l>y    leaving    currents    in   the?^ 

straight  portions;  but  if  the 
two  ends  of  the  wire  be  carried  back  till  they  nearly  meet  in 
the  middle  of  the  length,  as  shown  at  A  and  B  (Fig.  491),  th^ 
currents  in  these  returning  portions,  being  opposite  to  those  in 
the  other  straight  portions,  will  destroy  their  effect^  and  the  re- 
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ition  of  the  system 
9.     The  same  effect 
for  the  rings  and 
.  by  the  principles  o 
equivalent  to  them.     Each  spire  of  the  hel 
perpendicular  to  the  axis,  together  with  a  st 
to  the  axis  and  equaJ  to 
ihe  distance  between  two 
spires.    The  effect  of  all 
the  straight   portions   is 
eiacUy  destroyed  by  the 
fires  which  return  from 
Ihe  ends  of  the  helix  and 
meet  in  the  middla     This 
wangement,  which  is  re- 
presented   at   C,   is   that 
,   vhich      18       universally 
*Jopted,    the     returning  _, 

^res  being  sometimes  in  **"  "^ 

tte  axis,  and   sometimes  j^^^ 

Ml  the   outside    of    the  -■--; 

fcdis.  "•""■ 

Fig.  «i.-0( 

If  a  solenoid,  thus  con- 
''nicted,  be  suspended  on  an  Amp^'s  stand, 
^OKai  sent  through  it,  it  will  immediately 
to  \  declination  needle.     It  may  accord- 
ingly be  said   to  have  polea    In  Fig. 
^93,  A  represents  the  austral  or  north- 
•etin^  B  the  boreal  or  south-seeking 
p^leof  the  solenoid;   that  is  to  say,  the 
''erection  of  the  current  is  against  or 
^th  the  hands  of  a  watch  according  as  , 

tiie  wstntl  or  boreal  pole  is  presented 
^  the  oheerrer.  The  same  difference  is  illi 
H2.  Dip  of  Solenoid. — If  a  solenoid  could  I 
f<rfect]y  free  to  move  about  its  centre  of  gnn 
«i»  parallel  to  the  dipping-needle.  The  ( 
"^voely  practicable  with  a  solenoid  properly  s 
•tav^gbt;  but  it  can  be  performed  with  a  sir 
■  tUt  shown  in  Fig.  491.     If  such  a  circuit  is 
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an  axis  through  its  centre  of  gravity,  and  placed  so  that  it  can  torn 
freely  in  the  plane  of  the  magnetic  meridian,  the  passing  of  a  current 
through  it  will  cause  it  to  set  its  plane  perpendicular  to  the  direction 

of     a     dipping-needle. 
•This   effect   is  due  to 
the  action  of  terrestrial 
magnetism  on  the  upper 
and  lower  sides  of  the 
rectangle.      The    plane 
of  the  rectangle  is  re- 
presented in  the  figure 
as  coinciding  with  the 
direction    of   dip.     In 
this  position  the  action 
of   terrestrial   magnet- 
ism   urges    the    upper 
side     backwards^    and 
the  lower  side  forwards, 
and  stable  equilibrium 
will  be  attained  when 
the  rectangle  has  turned 
through  90*. 
663.  Mutual  Actions  of  Solenoids. — Solenoids  behave  like  magnets 
not  only  as  regards  the  forces  which  they  experience  fit)ni  terrestml 
magnetism^  but  also  as  regards  the  actions  which  they  exert  upon 

one  another.  The  similar  poles  of  two  solen- 
oids repel,  and  the  unlike  poles  attract  eacii 
other,  as  we  may  easily  prove  by  suspending 
one  solenoid  from  an  Ampere's  stand  and 
bringing  another  near  it 

The  reason  of  these  attractions  and  re- 
pulsions is  illustrated  by  Fig.  495.  If  two 
austral  poles  are  placed  opposite  each  other, 
as  in  the  upper  part  of  the  figure,  the  car- 
rents  are  circulating  round  them  in  opposite 
directions,  and,  by  the  laws  of  parallel  cur- 
rents, should  therefore  repel  each  other; 
whereas  if  two  dissimilar  poles  be  placed 
face  to  face,  the  currents  which  circulate  round  them  are  in  the  same 
direction,  and  attraction  should  therefore  ensue. 


South. 
Fig.  494.— Dip  of  Element  o(  Solenoid. 


^B 


B 


fig.  495.— Mutual  Action  of 
Solenoids. 


ACTION  OF  MAGNET  OK   SOLENOi 

Lastly,  if  one  pole  of  an  ordinary  magnet  be  bi 
of  a  suspended  solenoid,  as  in  Fig.  496,  repnlaic 
be  exhibited  according  as  the  poles  in  question 
mnilar.     In  the  position  represented 
ia  tht  figure,  tbis  action  is  mainly  due 
to  the  action  of  tbe  boreal  pole  of  the 
magnet  upon  tbe  descending  currents 
m  the  near  side  of  tbe  solenoid.    This 
action  consists  in  a  force  to  the  left 
hand,  nearly  parallel  to  the  axis  of 
tbe  solenoid,  which  tends  to  make  the 
solenoid  rotate  aboat  its  supports,  and 
thus  to  bring  the  end  A  of  the  solen- 
oid into  contact  with  the  end  B  of 
the  magnet. 

It  may  be  shovn,  by  the  aid  of 
Amp^'s  formula  for  the  mutual  force 
between  two  elements,  that  the  mu-  p^  at.— a 
tnal  action  of  two  solenoids  is  equi- 
valent to  four  forces,  directed  along  lines  joinii 
solenoids,  and  varying  inversely  as  the  squan 
between  the  poles;  the  forces  between  similar  pt 
and  the  otJier  two  attractive.  The  analogy  hot 
magnets  is  thus  complete. 
064.  Astatic  dronits. — When  it  is  desired  to  elii 


t. 


i<t*tlg  CinulU. 


of  terrestrial  magnetism  in  electro-dynamic  ezp 
circuit  may  be  employed  as  the  movable  oondnc 
colts  are  represented  in  the  accompan3'ing  figui 
In  each  of  them  the  current  in  one  half  of  the  cir 
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and  in  the  other  against  the  hands  of  a  watch,  thus  producing 
equal  and  opposite  tendencies  to  orientation,  which  destroy  one 
another. 

566.  Ampdre's  Theory  of  Magnetism. — In  accordance  with  the  pre- 
cedmg  facts,  Ampere  propounded  the  hypothesis  that  what  is  called 
magnetism  consists  in  the  existence  of  electric  currents  drculating 
round  the  particles  of  magnetic  bodiea      In  iron  or  steel,  when 


oooo 
oooo 

QQOOO 


Fig.  499. 


Ampoiiatt  CiiznBts  in  Magnet. 


Fis-fiOO. 


unmagnetized,  according  to  this  theory,  the  currents  around  different 
particles  have  different  directions ;  but  when  it  is  magnetized,  the 
directions  of  all  are  the  same.  Fig.  499  represents  an  ideal  secdoD 
of  a  magnetized  bar  at  right  angles  to  the  direction  of  its  magnetaza- 
tion.  On  the  neighbouring  faces  of  way  two  particles,  the  currents 
are  in  opposite  directions,  hence,  by  the  laws  of  sinuous  currents, 
there  is  a  mutual  destruction  of  force  through  the  whole  interior,  and 
the  resultant  effect  is  the  same  as  if  there  were  currents  circulatisg 
round  the  exterior  of  the  magnet,  as  represented  in  Fig.  500. 

Magnetization  by  influence  depends,  according  to  this  theory,  on 
the  tendency  of  currents  to  set  themselves  parallel  and  in  similar 
directions;  and  if  the  substance  magnetized  possesses  coercive  force, 
the  direction  thus  impressed  on  its  currents  persists  after  the  influent 
is  removed.  In  soft  iron,  on  the  contrary,  they  resume  their 
former  irregularity. 

Ampere's  theory  of  magnetism  is  in  complete  accordance  with  all 
known  facts,  But  it  admits  of  question  whether  it  is  simpler  to 
deduce  the  laws  of  magnetism  and  electro-magnetism  from  those  of 
electro-dynamics;  or  to  adopt  the  reverse  order,  and  deduce  the  lavs 
of  electro-dynamics  from  those  of  electro-magnetism. 

666.  Botation  of  a  Magnet  on  its  Axis. — The  following  experiment 
is  due  to  Ampere.  A  magnet,  loaded  with  platinum  at  its  lower 
end,  floats  upright  in  mercury  contained  in  a  glass  vessel  (Fig.  501). 
A  cavity  is  hollowed  out  in  the  top  of  the  magnet  This  contains 
mercury,  in  which  a  point  dipa  On  connecting  one  of  the  terminals 
of  a  battery  with  this  point,  and  the  other  with  the  outer  edge  of  the 
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mercury  in  the  ressel,  the  msgnet  b  seen  to  rotate  on  its  axis.     If 
the  north-seeking  pole  is  uppermost,  and  the  positive  pole  of  the 
battery  is  connected  with  the  point,  the  direction  of  rotation  ia 
V.KS.W. 
Tiie  Amperian  explanation  of  this  phenomenon  is,  that  it  is  due 
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be  action  between  the  outward-flowing  current  in  the  mercury' 
the  Amperian  currents  which  circulate  round  the  magnet     The 

jr,  as  represented  by  the  arrows  nC,  Cm  in  Fig,  502,> are  opposite 

watch-handa      The   outward  -  flowing  ^ 

ent  in  CD  attracts  the  current  in  Cm, 

i   they  are  both  directed  away  from 

angular  point  C,  and  repels  the  cur- 
in   n  C.     Hence  the  magnet  is  made 

)tate    in  the  direction  mCn,  opposite 

at  of  the  Amperian  current. 

e  eiEperiment  is  sometimes  varied  by 

ng   €be  point  dip  in  the  mercury  in 

ressel,   the   magnet  being  allowed  to 
freely  near  it,  and  a  metallic  ring  '*  "'^b^^^I^'""'"  " 

imTQersed  at  the  outer  edge  of  the 

iry,  to  which  the  current  flows  out  in  all  directions  from  the 
As   soon  as  the  circuit  is  completed,  the  magnet  begins  to 

^e  round  the  point     The  rotation  will  be  in  the  same  direction 
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as  in  the  other  form  of  the  experiment ;  that  is  to  say,  if  the  current 
flows  outwards  from  the  point  to  the  edge  of  the  vessel,  the  directioii 
of  rotation  will  be  opposite  to  that  of  the  Amperian  currents  in  the 

magnet.  This  is  easily  explained  by  the 
laws  of  parallel  currents,  for  the  current 
in  OC  (Fig.  503)  attracts  the  Amperian 
current  at  m,  and  the  current  in  0  D  repels 
the  current  at  n.  The  magnet  will  there- 
fore move  from  OD  to  OC,  and  will  re- 
volve round  O  in  the  direction  N.E.S.W. 

667.  Magnetization  by  Currents. — Am- 
pere's theory  of  magnetism  leads  natundlv 
to  the  conclusion  that  a  bar  of  iron  or  steel 

^  *^^*^utto^***°°  ^  ^^y  ^®  magnetized  by  means  of  a  cur- 
rent. Arago  was  the  first  to  estabUsh  this 
fact,  but  without  a  clear  apprehension  of  the  conditions  necessary 
for  success,  or  of  the  criterion  for  determining  which  will  be  the 
austral,  and  which  the  boreal  pole.  Ampere  conceived  the  idea  of 
introducing  the  needle  to  be  magnetized  into  the  axis  of  a  solenoid, 
and  the  result  confirmed  his  prediction  that  the  poles  of  the  needle 
would  be  turned  the  samq  way  as  those  of  the  magnetizing  helix. 
This  is  what  must  happen  if  the  currents  in  the  helix  force  the 
Amperian  currents  in  the  bar  into  parallelism  with  tbemselve&.so 
that  all  rotate  the  same  way.  The  action,  in  fact,  is  precisely  anar 
logous  to  that  represented  in  Fig.  477. 

It  is  to  be  remarked  that,  in  this  process  of  magnetization,  the 
portions  of  the  currents  parallel  to  the  axis  of  the  helix  produce  no 
effect.     The*  wire  through  which  the  current  is  to  be  sent  may  he 
wound  like  thread  upon  a  reel,  returning  alternately  fromi  end  to  end. 
and  all  the  convolutions  will  contribute  to  magnetize  the  bar  the  same 
way,  although  it  is  evident  that  the  helices  are  in  this  case  alternately 
right-handed  and  left-handed    The  north-seeking  and  soatb-seeking 
poles  may  be  in  all  cases  distinguished  by  the  rule  that  the  direction 
in  which  the  current  circulates  in  the  coil  is  against  watch-bands  ai 
seen  from  the  former  and  with  watch-hands  as  seen  from  the  latter; 
or  it  may  be  remembered  by  the  rule,  that  if  I  identify  my  own  body 
in  imagination  with  a  portion  of  the  wire,  and  suppose  the  current 
to  enter  at  my  feet,  while  my  fiance  is  towards  the  needle,  the  north- 
seeking  pole  will  be  to  my  left.     In  1  and  2  (Fig.  504)  a  will  be  the 
austral  (or  north-seeking),  and  h  the  boreal  pole  of  the  inclosed 


electbo-uaon: 

needle,  when  the  current  in  the  helix  h 
tk  arrows. 
If  the  direction  ol  winding  is  changei 
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in  3,  BO  thai,  as  seen  from  one  end,  tlic  d 
circutatefi  is  in  one  part  with  and  in  an 
watch,  consequent  points  (§  503)  will 
diange.  Thus,  if  the  current  enters  at 
tbe  points  a  a  will  be  austral,  and  the  [ 
568.  Electro-magBets. — Arago  was  thi 
t  cDirent  in  magnetizing  soft  iron.  On  \ 
through  which  a  very  strong  current  w 
tbe  filings  clung  to  the  wire,  that  they 
tially  to  it,  and  that  they  fell  off  wh 
the  current  ceased  to  pass.  Each  fili 
was  evidently,  in  this  experiment,  a  lit 
magnet  placing  itself  at  right  angles  to  t 
current.  A  cylindrical  bar  of  iron  can 
powerfully  magnetized  by  wrapping  rou 
it  a  coil  of  insulated  wire  and  sending 
current  through  this  coiL  Stout  cop( 
wire  is  generally  employed  for  this  pi 
pose.  Such  an  arrangement  is  called 
tkdro-magnet 

The  bar  has  often  the  borae-shoe  form 
cue  the  ceotml  part  is  usually  left  ban 
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OD  the  ends  must  be  such  that,  if  the  bar  were  straightened  out,  tlie 
current  would  circulate  in  the  same  direction  round  every  part  Tils 
is  clearly  shown  in  the  figure.  Electro-magnets  have  been  coa- 
structed  capable  of  sustaining  a  load  of  many  tons. 

Besides  the  enormous  power  that  can  be  given  them,  electro- 
magnets have  the  advantage  of  being  readily  made  or  unmade  instan- 
taneously, by  completing  or  interrupting  the  circuit  to  which  tbe 
coil  belongs.  This  principle  has  received  very  namerous  and  varied 
applications,  some  of  which  will  be  mentioned  in  later  chapters. 

569.  Besidoal  Uagnetdsm. — When  the  current  ronnd  an  electro- 
magnet is  interrupted,  the  destruction  of  the  magnetization  is  not 
complete.  The  small  remaining  magnetization  is  called  remannt  or 
residual  magnetism.  It  is  frequently  sufHciently  powerful  to  retain 
the  armatures  in  contact  with  the  magnet,  and  thus  necesitstes  the 
employment  of  opposing  springs,  if  instantaneous  sepaiatiou  is 
desired.  The  mere  act  of  separation  suffices  to  destroy  the  greata 
part  of  the  residual  magnetism. 

Fig.  507  represents  an  electro-magnet  EE".  furnished  with  u 


Fig.  eOI.— ElacUv-mlfiigt  iillh  Oppodtif  Spring. 

opposing  spring  g.  The  armature  A,  with  its  lever  t,  taraa  about 
the  axis  VV.  The  opposing  spring  g  has  one  end  fixed  at  K,  and 
the  other  attached  to  the  eud  of  the  lever  t.  It  therefore  tends  to 
remove  the  armature  from  the  magnet  c  and  d  are  two  poiDts 
whose  distance  can  be  regulated,  and  which  serve  to  limit  tbe  more- 
ments  of  the  nrmatur& 
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570.  Heating  of  Wires.— The  heating  of  a  wire  by  the 
>  current  may  conveniently  be  exhibited  by  the  aid  of  the 


508.     Two  uprights  mounted  on  a 


feprasented  in  Fig. 
furnished,  at  different 
heights,  with  pairs 
of  insuUted  binding- 
KrewB  a  a',  bb',  ce', 
having  wires  stretched 
between  them.  A  cur- 
rent can  thus  be  sent 
Uimngh  any  one  of 
the  wires,  by  connect- 
'ng  the  terminals  of  a 
battery  with  the  bind- 
ing-screwa  at  ita  ex- 
tremitiea  When  this 
is  done  with  a  battery  of  suitable  power,  the  wire  is  fin 
droop  in  consequence  of  expansion,  then  to  redden,  and 
melt,  becoming  inflamed  if  the  metal  is  sufficiently  combus 
If  a  file  is  attached  to  one  of  the  tei-minals  of  a  batter] 
other  terminal  is  drawn  along  the  file,  a  rapid  succession 
vill  be  obtained ;  and  if  the  battery  be  sufficiently  powerfii 
of  incandescent  metal  will  be  scattered  about  with  brilliant 
571.  Joule's  Law. — The  enei^  of  a  current  is  jointly  pn 
to  the  quantity  of  electricity  that  passes  and  the  electro-mc 
chat  drives  it  As  the  numerical  measure  of  a  current  is  tbt 
of  electricity  which  passes  in  unit  time,  it  follows  that  the 
»  current  C  lasting  for  a  time  *,  is  EC(.  E  denoting  the  elect 


foi  H»(Jd|  Win*. 
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forca     But  again,  by  Ohm's  law,  E  is  equal  to  the  product  of  the 

current  C  and  the  whole  resistance  R     The  expression  for  the  energy 

therefore  becomes 

c«  R  t,  (1) 

and  this  energy  is  all  transformed  into  heat  in  the  circuit,  unless 
the  current  is  called  upon  to  perform  some  other  kind  of  work  in 
addition  to  overcoming  the  resistance  of  the  circuit  It  has  accord- 
ingly been  found,  first  by  Joule,  and  afterwards  by  Lenz,  Becquerel, 
and  others,  that  the  formula  G'B^  represents  the  quantity  of  heat 
generated  by  a  current  under  ordinary  circumstancea  The  experi- 
ments have  usually  been  conducted  by  passing  a  current  through  a 
spiral  of  wire  immersed  in  water  or  alcohol,  and  observing  the  eleva- 
tion of  temperature  of  the  liquid. 

This  law  of  Joule's,  like  that  of  Ohm,  may  be  applied  to  any  part 
of  a  circuit,  as  well  as  to  the  circuit  considered  as  a  whole ;  that  is  to 
say,  if  the  circuit  consists  of  parts  whose  resistances  are  r^,  r^,  .  .  . , 
the  quantities  of  heat  generated  in  them  are  respectively  C?  ri  t, 
C^r^t,  .  .  .  ,  and  are  therefore  proportional  to  the  resistances  ri.r^ 
...  of  the  respective  parts,  since  C  and  t  are  necessarily  the  same 
for  alL 

072.  Belation  of  Heat  in  Circuit  to  Chemical  Action  in  Battery.— 
The  energy  of  a  current,  and  consequently  the  heat  developed  in  the 
circuit,  is  the  exact  equivalent  of  the  potential  energy  of  chemical 
affinity  which  runs  down  in  the  cells  of  the  battery.     This  fact,  first 
verified  approximately  by  Joule,  has  been  more  accurately  confirmed 
by  the  experiments  of  Favre,  who  introduced  into  the  mufiSe  of  his 
mercurial  calorimeter,  already  described  and  figured  in  §  351,  a  small 
voltaic  cell  with  its  poles  connected  by  a  fine  wire.     He  found  that 
the  consumption  of  33  grammes  of  zinc  in  the  cell  corresponded  to  a 
generation  of  heat  amounting  to  18,796  gramme-degrees.     But  the 
chemical  action  in  the  cell  is  complex.    The  33  grammes  of  zinc  unite 
with  8  grammes  of  oxygen,  and  in  so  doing  generate  42,451  gramme- 
degreea     The  combination  of  these  41  grammes  of  oxide  of  zinc  with 
40  grammes  of  sulphuric  acid,  produces  10,456  gramme-degrees, 
making  in  all  52,907.     But  an  equivalent  of  water  undergoes  decom- 
position, and  this  absorbs  34,463,  which  must  be  subtracted  from  the 
above  sum,  leaving  18,444  gramme-degrees  as  the  balance  of  heat 
generated  in  the  whole  complex  action.     The  heat  actually  observed 
in  the  experiment,  agreed  almost  precisely  with  this    calculated 
amount. 


DISTBIBDTIOIT  OF  HEAT  IN  ' 

57S.  Diatoibiition  of  Heat  in  Different  1 
experiments  also  served  to  verify  the  appli 
each  part  of  the  circuit  considered  separate 
cell  into  the  muffle  whilst  a  spiral  of  fine  t( 
was  outside,  and  then  introducing  the  spira 
side,  Favre  was  able  to  measure  separately  t 
cell  and  in  the  spiral,  and  these  were  found  ti 
resistances. 

If  wires  of  different  diameter  or  of  differei 
form  parts  of  the  same  circuit,  so  as  to  be 
current,  the  bad  conductors  will  become  moi 
and  the  fine  wires  more  than  the  coarse.  A 
a  miiform  wire  will  be  uniformly  heated.  ' 
platinum  is  ten  times  greater  than  that  of 
as  much  heat  will  be  generated  in  a  platinui 
a  given  current,  if  the  diameters  of  the  two  ■ 
The  eUvcUion  of  t&mperatwre  is  greater  i 
wire,  not  only  because  of  its  greater  resists 
development  of  a  greater  quantity  of  beat  i 
of  its  smaller  capacity  for  heat,  and  its  smi 
current  is  passed  for  bo  short  a  time  that  tl 
neglected,  the  elevation  of  temperature  vari 
ance  per  unit  length,  and  inversely  as  the  c 
Each  of  these  quantities  varies  directly  as 
and  hence  the  elevation  of  temperature  is  ii 
the  section,  or  bs  the  fourth  power  of  the  dii 
On  the  other  hand,  if  the  current  be  cont 
temperature  is  attained,  capacity  ceases  to 
the  heat  emitted  in  unit  time  must  be  equ 
If  X  denote  the  elevation  of  temperature, 
proximately  2  a*  r  B  a;  by  Newton's  law  (§  3l 
The  heat  received  is  ~, ,  A  being  another 
these  two  expressions,  we  find  that  I'x  is  • 
hence  x  varies  inversely  as  t^,  that  is,  the  eU 
inversely  as  the  cube  of  the  diameter. 

To  obtain  the  most  rapid  production  of  1 
sidered  as  a  whole,  we  must  reduce  the  rei 
for  the  heat  produced  in  unit  time  is  EC, 
the  aame  u  g- ,  and  therefore  varies  inversely 
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674.  Heohanioal  Work  done  by  Current. — Favre's  experimenta  ako 
fuTnished  a  confirmation  of  the  fact,  that  when  a  current  is  called 
upon  to  perform  mechanical  work,  the  amount  of  heat  generated  in 
the  circuit  is  diminished  by  the  equivalent  of  this  work.    He  inclosed 

s  hoftAPir  nt  AiTA  oaIIq  tn  tha  muffle  nf  nna  i>a1nniniitAi>    anA   on  olonfTn. 
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kind  of  carbon,  such  as  that  which  is  deposited  in  the  retorts  at  gas- 
works, are  connected  with  the  poles  of  a  powerful  battery,  as  in  Fig. 
509,  a  brilliant  light  is  obtained  by  bringing  them  together  so  as  to 
allow  discharge  to  take  place  between  them.  This  discharge,  when 
once  obtained,  will  not  be  interrupted  by  separating  the  points  to 
some  distance, — ^greater  in  proportion  to  the  electro-motive  force  of  the 
battery ;  and  the  interval  will  be  occupied  by  a  luminous  arch  (known 
as  the  voltaic  arc)  of  intense  brightness  and  excessively  high  tempera- 
ture. This  brilliant  experiment  was  first  performed  by  Sir  Humphrey 
Davy,  at  the  commencement  of  the  present  century,  with  a  battery 
of  3000  cells.  The  light  appears  to  be  mainly  due  to  the  incandes- 
cence of  particles  of  carbon  which  traverse  the  space  between  the 
pointsL 

This  transport  of  particles  can  be  rendered  visible  to  a  large 
number  of  spectators  by  throwing  an  image  of  the  heated  points  on 
a  screen  with  the  aid  of  a  lena     Fig.  510  represents  the  image  thus 
obtained,  the  natural  size  of  the  carbons  being  indicated  by  the  sketch 
at  the  right  hand.     On  watching  the  image  for  some  time,  incandes- 
cent particles  will  be  observed  traversing  the  length  of  the  arc,  some- 
times in  one  direction  and  sometimes  in  the  other,  the  prevailing 
direction  being,  however,  that  of  the  positive  current     This  circum- 
stance, which  appears  to  be  connected  with  the  higher  temperature 
of  the  positive  terminal,  explains  the  difference  between  the  forms 
assumed  by  the  two  carbons.     The  point  of  the  positive  carbon 
becomes  concave,  while  the  negative  carbon  remains  pointed  and 
wears  away  less  rapidly.    This  difference  is  more  precisely  marked 
when  the  experiment  is  performed  in  vacuo;  a  kind  of  cone  then 
grows  up  on  the  negative  carbon,  while  a  conical  cavity  is  formed  in 
the  positive  carbon.     These  phenomena  are  less  clearly  exhibited  in 
air,  on  account  of  the  combustion  occasioned  by  the  presence  of 
oxygen. 

The  voltaic  arc  exceeds  in  temperature  as  well  as  in  brightness  all 
other  artificial  sources  of  heat.  Despretz  succeeded  by  its  means  in 
fusing  and  even  volatilizing  many  substances  which  had  previously 
prov^  refractory.  Carbon  itself  was  softened  and  bent,  welded,  and 
apparently  reduced  to  vapour,  which  was  condensed,  in  the  form  of 
Uack  crystalline  powder,  on  the  Vails  of  the  containing  vessel 

The  voltaic  arc  must  be  regarded  as  an  instance  of  conduction 
nitber  than  of  disruptive  discharge,  the  air  being  rendered  a  con- 
ductor by  the  high  temperature  to  which  it  is  raised     Hence  it  is 
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that,  although  discharge  does  not  commence  between  the  points  tiH 
they  have  been  brought  close  together,  it  is  not  interrupted  by  sob' 
sequently  removing  them  to  a  considerable  distance 


•  of  [ha  Ckrbon  FoJnta. 


The  voltaic  arc  is  acted  on  by  a  magnet,  according  to  the  same 
laws  as  any  other  current.  M.  Quet,  by  employing  a  very  powerfol 
electro-magnet,  with  its  poles  at  equal  distances  on  opposite  sides  of 
the  line  joining  the  points,  repelled  the  arc  laterally  to  such  an  extent 
that  it  resembled  a  blowpipe  flame  (Fig.  511). 

576.  Light  of  the  Voltaic  Arc. — The  light  of  the  voltaic  arc  bos  a 
dazzling  brilliancy,  and  attempts  were  long  ago  made  to  utilise  it 
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Fig.  dll.^Aofcion  of  Magnflt  on 
Voltaio  Aio. 


The  failures  of  these  attempts  were  due  not  so  much  to  its  greater 
oosUiness  in  comparison  with  ordinary  sources  of  illumination,  as  to 
the  difficulty  of  using  it  eflFectively.     Its 
brilliancy  is  painfully  and  even  danger- 
ODsIy  intense,  being  liable  to  injure  the 
eyes  and   produce  headachea     Its  small 
size  detracts  &om  its  illuminating  power 
—it  dazzles  rather  than  Uluminates — 
and  it  cannot  be  produced  on  a  sufficiently 
small  scale  for  ordinary  purposes  of  con- 
venience.    There  is  no  mean  between  the 
absence  of  light  and  a  light  of  overpower- 
ing intensity. 

There  is,  however,  one  application  in 
which  these  peculiarities  of  the  electric 

light  are  positive  advantages,  penetration  being  the  essential  re- 
quisite; we  mean  the  lighting-up  of  lighthouses.  Here  the  office 
of  the  light  is  not  to  render  other  objects  visible,  but  to  be  itself 
seen;  and  in  this  respect,  in  hazy  weather,  the  electric  light  is 
found  decidedly  superior  to  oil-lamps. 

The  electric  light  is  also  extensively  used  for  throwing  images  on 
a  screen  in  lecture- illustrations,  and  for  producing  various  luminous 
effects  in  theatrical  exhibitions.  It  has  also  been  successfully  em- 
ployed for  enabling  labourers  to  carry  on  their  work  at  night. 

As  the  carbons  undergo  waste  by  combustion,  it  is  necessary  to 
employ  some  means  for  keeping  them  at  a  nearly  constant  distance, 
so  as  to  give  a  steady  light  Several  different  regulators  have  been 
employed  for  this  purpose,  all  of  them  depending  on  the  principle 
that  ihe  strength  of  the  current  diminishes  as  the  distance,  and 
coDseqaently  the  resistance,  increases.  We  will  briefly  describe  two, 
those  of  Duboscq  and  Foucault. 

577.  Duboscq's  Eegnlator. — In  Duboscq's  apparatus  (Fig.  512)  there 
ii  a  train  of  wheel-work,  driven  by  a  main-spring  contained  within 
the  barrel  P,  the  motion  being  moderated  by  means  of  the  revolving 
bos  g.  The  two  racks  S  and  T  are  driven  by  two  wheels  attached 
to  ihe  barrel,  one  of  them  (the  driver  of  T)  having  double  the  radius 
of  the  other.  One  rack  thus  rises,  and  the  other  falls,  but  the  rising 
ra^ck  T  moves  twice  as  fast  as  the  other.  The  rack  T  is  that  which 
carries  the  positive  carbon  c  ;  the  negative  carbon  c'  is  fixed  to  the 
pece  T^    which  travels  with  the  rack  S.     It  has  been  found  by 

46 
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e^>erience  that  the  positive  carbon  wears  away  twice  as  fast  as  tlie 
n^ative.     Hence  the  adoption  of  this  arrangement,  which  cwises  t^e 
positive  carbon  to  move  double  the 
distance  of  the  other.    If  the  cnr- 
rent  were  generated,  not  by  n  bat- 
tery,   but    by   a   magneto-electric 
machine,  such  as  we  shall  describe 
in   a   later   chapter,    each    carbon 
would  be  alternately  po^tive  and 
negative,  and  it  would  be  neces- 
sary to  make  their  velocities  equsl 
The  current  from  the  battery  en- 
ters the  apparatus  by  the  binding- 
screw  B,  traverses  the  coil  of  the 
electro  -  magnet     £  B,     wheoce    it 
passes  through  the  rack  T  to  the 
positive  carbon  c.     From  the  negs- 
tive  carbon  c'  it  travels  to  the  mk 
S,   and    escapes    by    the   tdnding- 
3crew  B',    The  soft-iron  core^  of  tht 
electro-magnet  attracts  an  armaturt 
K,  with  a  force  which  depends  in 
the  strength  of  the  current.    Tin 
armature  is  attached  to  one  ann  ol 
the  bent  lever  L,  which  turns  about 
a  horizontal  axis  at  F',  and  an  op- 
posing spring  a  resist?  the  attrac- 
tion of  the   electro  -  magnet    The 
upper  end  of  the  bent  lever  govenij 
tiie  movements  of  a  shorter  levei  ( 
which  turns  about   an   axis  at  a 
This   short  lever  is  armed   at  iU 
lower  end  with  a  tooth  or  pallet  m. 
whose  office  is  to  stop  the  move- 
ment of  a  toothed  w^heel,  attached 
to  the  axis  of  the  revolving  tana 
AVhen  the  current  is  passing  in  full  strength,  the  electro- magnet 
holds  down  the  armature,  thus  causing  the  pallet  to  lock  the  teeth 

*  The  core  of  kq  electro- magnet  is  the  loft  iron  in  ita  interioT,  vMdi 
\rf  the  pusaee  of  the  Gurrent. 
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f  the  wheel  and  luDiier  the  macliinery  from  moving;  but  as  the 

arboDs  bum  away,  the  reaist- 

Dce  incresses,  the  current  di- 

linisbes,  and  the   strength   of 

leeiectro-magnet  falls  off,  until 

le  opposing  spring  is  able  to 

>'erpower  it  and  raise  the  ar- 

ftture.   This  unlocks  the  pallet 

30]  the  wheel,  and  tbe  racks 

e  accordingly  driven  forward, 

us  bringing  tbe  carbons  nearer 

^ther,  and  increasing  the  cur- 

it   until   the   electro -mi^net 

juires  sufficient  power  to  pte- 

il  over  the  opposing  spring 

i  lock  the  wheel-work  ^^n. 

k  small  lever  is  provided,  for 

pping  or  starting  the  motion 

hand.  The  armature  can 
1  be  screwed  up  or  down,  bo 
o  regulate  its  minimum  dis- 
ie  from  the  electro-magnet 
•rding  to  the  battery  power 
loyed.  The  mechanism  is 
*3ed  in  a  metallic  box,  one 

of  which  can  be  removed 
3  it  is  desired  to  obtain  ac- 
to  the  interior. 
8.     Fonwnlfa  Begnlator. — 
ault's  latest  form  of  r^u- 

diifers  &om  Duboscq's  in 
,g     two  systems  of  wheel- 
one  for  bringing  tbe  car- 
nearer  together,  and  the 

£or  moving  them  further 
"Fig.  513  represents  the 
i.t>us,  with  tbe  omission  of 
ir»termediate  wheels.     L'  Fie- in8.-F<Hi«aif.  Repii.tor. 

a.trreil  driven  by  a  spring 

^     -within  it,  and  driving  several  intermediate  wheels  which 
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transmit  its  motion  to  the  fly  o.     L  is  the  second  barrel,  driven  by  a 
stronger  spring,  and  driving  in  like  manner  the  fly  o'.    The  racks 
which  carry  the  carbons  work  with  toothed  wheels  attached  to  the 
barrel  L',  the  wheel  for  the  positive  carbon  having  double  the  diameter 
of  the  other,  as  in  Duboscq's  arrangement  above  described    The 
current  enters  at  the  binding-screw  C,  traverses  the  coil  of  the  electro- 
magnet E,  and  passes  through  the  wheel- work  to  the  rack  D,  which 
carries  the  positive  carbon.      From  the  positive  carbon  it  passes 
through  the  voltaic  arc  to  the  negative  carbon,  and  thence,  through 
the  support  H,  to  the  binding-screw  connected  with  the  negative 
pole  of  the  battery. 

When  the  armature  F  descends  towards  the  magnet,  the  other  am 
of  the  lever  FP  is  raised,  and  this  movement  is  resisted  by  the  spiral 
spring  B,  which,  however,  is  not  attached  to  the  lever  in  question, 
but  to  the  end  of  another  lever  pressing  on  its  upper  side  and  moyahle 
about  the  point  X.     The  lower  side  of  this  lever  is  curved,  so  that  its 
point  of  contact  with  the  first  lever  changes,  giving  the  spring  greater 
or  less  leverage  according  to  the  strength  of  the  current     In  yirtae 
of  this  arrangement,  which  is  due  to  Robert  Houdin^  the  armature, 
instead  of  being  placed  in  one  or  the  other  of  two  positions,  as  in  the 
ordinary  forms  of  apparatus,  has  its  position  accurately  regulated 
according  to  the  strength  of  the  current.     The  anchor  T^  is  rigidlj 
connected  with  the  lever  F  P,  and  follows  its  oscillations.    If  the 
current  becomes  too  weak,  the  head  t  moves  to  the  right,  stops  the 
fly  o'  and  releases  o,  which  accordingly  revolves,  and  the  carbons  vt 
moved  forward.     If  the  current  becomes  too  strong,  o  is  stopped,  o 
is  released,  and  the  carbons  are  drawn  back.     When  the  anchor  T^ 
is  exactly  vertical,  both  flies  are  arrested,  and  the  carbons  remain 
stationary.     The  curvature  of  the  lever  on  which  the  spring  acts 
being  very  slight,  the  oscillations  of  the  armature  and  anchor  are 
small,  and  very  slight  changes  in  the  strength  of  the  current  and 
brilliancy  of  the  light  are  immediately  corrected     The  details  of  the 
mechanism  contain  some  ingenious  devices,  which  our  limits  do  not 
permit  us  to  explain. 

678  a.  Peltier  Effect. — When  a  current  is  sent  through  a  hetero- 
geneous circuit,  a  peculiar  thermal  effect  occurs  at  each  jnn^ 
tion.  We  have  seen,  in  Chap,  xlv.,  that  the  heating  of  a  junction 
in  such  a  circuit  tends  to  produce  a  current  in  a  definite  direc- 
tion. It  was  discovered  by  Peltier  that  if  a  current  be  sent 
through  the  junction  in  that  direction,  the  junction  will  be  cooled 
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by  it,  and  that  it  will  be  wanned  by  a  current  sent  in  the  opposite 
direction. 

If,  for  example,  a  current  from  a  battery  is  sent  through  an 
)rdinary  thermo-pile,  the  junctions  at  one  end  will  rise  in  tempera- 
ture, and  those  at  the  other  end  will  be  depressed.  If  the  battery 
)e  then  removed,  and  a  galvanometer  substituted,  a  current  in  the 
ipposite  direction  to  the  former  will  be  indicated  by  the  galvano- 
aeter,  until  equality  of  temperature  has  been  restored. 

The  Peltier  effect,  as  it  is  called,  is  superadded  to  the  general 
rarming  due  to  the  overcoming  of  resistance  in  the  circuit,  so  that 
le  actual  temperature  attained  by  a  junction  depends  on  both 
luses  combined 
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079.  Electro -magnetic  Engines. — Electro-magnetic  engines  are 
driven  by  means  of  the  temporary  magnetization  of  soft  iron  nnder 
the  influence  of  a  current  This  magnetization  can  be  destroyed  or 
reversed  with  great  rapidity;  and  it  is  thus  possible  to  produce 
alternate  movements  of  an  armature,  which  can  be  readily  trans- 
formed into  other  movements  by  ordinary  mechanism.  Since  1834, 
when  Jacobi  of  St  Petersburg  constructed  the  first  engine  of  this 
kind,  many  other  inventors  have  tried  their  powers  in  the  same 
direction ;  but  none  of  these  attempts  have  been  commercially  8Q^ 
cessful,  and  the  idea  of  employing  such  engines  for  any  useful  purpose 
is  now  almost  abandoned. 

The  chief  reason  for  this  want  of  success  is  the  greater  cost  of  the 
material  consumed  as  compared  with  the  fuel  of  other  engines.   A 
pound  of  zinc  costs  about  fifty  times  as  much  as  a  pound  of  coal,  aixl 
if  the  full  equivalent  in  the  form  of  work  could  be  obtained,  both  for 
the  coal  burned  in  a  furnace  and  for  the  zinc  consumed  in  a  batterv, 
a  pound  of  coal  would  yield  four  times  as  much  work  as  a  pound  ot 
zinc.     Hence,  if  the  "  efficiency*'^  of  a  heat-engine  and  of  an  electric 
engine  be  the  same,  the  cost  of  performing  a  given  quantity  of  work 
will  be  200  times  greater  for  the  electric  engine  than  for  the  other. 
It  appears,  however,  that,  as  regards  efficiency,  the  electro-magnetic 
engine  may  have  an  advantage  of  about  4  to  1.     This  would  make 
its  work  only  50  times  as  expensive  as  that  of  a  steam-engine. 

Again,  inasmuch  as  magnetic  attractions  decrease  very  rapidly 
with  increase  of  distance,  it  is  necessary  for  efficient  working  that 

^  That  is  to  say,  the  ratio  of  the  energy  utilized  to  the  whole  enei^  expended.  Thn  if 
the  "efficiency  of  an  engine"  in  the  broadest  sense.  The  "effideDcy^  of  Chapw  zzziL 
is  sometimes  called,  by  way  of  distinction,  the  ^'efficiency  of  the  woiking  flmd." 
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the  tatvel  of  the  driving  parts  should  be  verj 
Tcnient  &oin  a  mechanical  point  of  view. 

lastly,  aa  we  shall  see  in  a  later  chapter, 
diictors  in  a  strong  magnetic  field  causes  ir 
etniagly  oppose  the  motion. 

We  shall  proceed  to  describe  two  of  the  b 
nu^etic  engines  which  have  yet  been  constn 

S80.  Boniboiua'B  Engise. — In  the  en^ne  < 
b\i)  the  armatures  have  a  reciprocating  m< 


Fit.  114.— BoorboDis'i  Engiu. 

helices,  having  eoft-iron  cores  in  their  interioi 
their  length.  Two  soft-iron  rods  or  plungers 
ibe  space  above  the  cores,  and  are  jointed  to  a 
of  a  connecting-rod  and  crank,  turns  a  fly-wh 
of  a  battery  is  permanently  connected  with  a 
which  travels  to  and  fro  horizontally,  so  as  ti 
terminal  of  the  left-hand  or  of  the  right-hand 
on  the  left  or  the  right  of  its  middle  position. 
of  both  coils  are  permanently  connected  with  t 
battery.  The  reciprocating  movement  of  the 
an  eccentric  on  the  axis  of  the  fly-wheel,  like 
alide-valve  in  a  steam-engine. 
In  the  position  represented  in  the  figure,  t 
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are  nearly  at  the  extremity  of  their  range  to  the  left.  The  left 
plunger  is  then  at  the  middle  of  its  down-strolce.  When  it 
reaches  the  bottom,  the  sliding-piece  will  be  in  tbe  centre  of  its 
travel,  and  the  left-hand  coil  will  just  have  beea  dificonnectcd. 
Immediately  afterwards,  the  right-hand  coil  will  be  brought  iiit« 
circuit,  its  plunger  being  at  the  summit  of  its  path ;  and  it  will  con- 
tinue in  circuit  till  the  plunger  is  nearly  at  the  bottom.  The  electio- 
ma^ets  are  thus  made  and  unmade  whenever  the  eccentric  pasaes 
its  highest  and  lowest  positions.  On  account  of  the  shortness  of 
the  stroke,  the  beam  is  prolonged  to  a  considerable  distance  before 
attaching  to  it  the  connecting-rod  which  drives  the  crank. 

B81.  I^oment's  Engine. — Froment's  is  a  rotatory  engine.     It  mty 


Fig.  SIJ.— Fronwof •  Englaa. 

be  described  as  consisting  of  a  wheel,  with  eight  armatures  <^  soft 
iron  attached  to  its  circumference  at  intervals  of  45°,  rotating  undff 
tbe  action  of  four  electro-magnets  fixed  to  a  cast-iron  &ame  at  inter- 
vals of  60°.  Each  magnet  is  "made"  when  an  annature  comes 
within  15°  or  20°  of  it,  and  "  unmade"  as  the  annature  is  passing  it. 
The  making  and  breaking  of  the  circuits  is  effected  by  means  of 
three  distributors,  one  of  which  is  shown  on  an  enlarged  scale  in 
Fig.  516.  R  is  an  eight-toothed  wheel,  fixed  to  tbe  axis  oo  which 
the  armatures  revolve,  and  turning  with  them.     Each  tooth,  aa  it 


HISTORY  OF  ELECTBIC   TELEGRAPH. 

puses  the  roller  r,  pushes  it  away,  and  brings  the  studc 
contact  As  long  as  thej  remain  ia  contact,  the  currenl 
through  the  coil  with  which  the  distributor  ia  connected 
tributors  are  screwed  into  a  metallic  arc,  which  is  cons 
nected  with  one  pole  of  the      i,  ,. 

hattery.     One  of  them  serves    '-n\      __,,J^  ^c 

for  the  two  opposite  horizon-  /^^^^  „-       3C 

tal  m^nets,  which  are  made         V  9'\ m  i  Jfi"- P- 

uid  unmade   together.     The         ^>^-^'  M  ' 

two  lower  maeaets  have  one 

,.,.,.  ?  ,-    ..  PiB.  SlB.-rWribator. 

oiatnbutor   apiece.      Matters 

are  so  arranged  that  the  current  is  not  cut  off  from  one  c 
alter  it  has  commenced  to  flow  in  the  next.  This  precautic 
or  at  least  mitigates,  the  induction -spark  which  (for  re: 
hereafter  explained)  generally  occurs  in  breaking  circuit, 
haa  the  mischievous  effect  of  oxidizing  the  contacts,  and  t 
time,  deranging  the  movements 

582.  mectric  Telegraph:  History. — The  discovery  that 
could  be  transmitted  instantaneously  to  great  distanc* 
suggested  the  idea  of  employing  it  for  signalling.  Bishi 
already  referred  to  in  §  466,  performed  several  experimi 
kiad  in  the  neighbourhood  of  London,  the  most  remark 
the  transmission  of  the  discharge  of  a  Leyden-jar  throi 
feet  of  wire  suspended  between  wooden  poles  at  Sho 
This  was  in  1747.  A  plan  for  an  alphabetical  telegraph  to 
by  electricity  is  minutely  described  in  the  Scot's  Magasii 
but  appears  to  have  been  never  experimentally  realized. 
1774,  erected  at  Geneva  a  telegraph  line,  consisting  of  t 
wires  connected  with  the  same  number  of  pith-ball  elt 
each  representing  a  letter.  Beusser,  in  Germany,  propa 
same  year,  to  replace  the  electroscopes  by  spangled  panes 
the  letters  themselves.  The  diEBculty  of  managing  frictio 
dty  was,  however,  sufficient  to  prevent  these  and  oth 
foaoded  on  its  employment  from  yielding  any  useful  resul 
discoveries,  by  supplying  electricity  of  a  kind  more  easi 
OQ  the  conducting  wires,  afforded  much  greater  facilities 
mittisg  signals  to  a  distance. 

Several  suggestions  were  made  for  receiving-apparatuf 
the  effects  of  the  currents  transmitted  from  a  volta 
Smnniering  of  Munich  in  1811  proposed  a  telegraph,  in 


714  ELECTRO-MOTORS — TELEORAPH& 

signals  were  given  by  the  decomposition  of  water  in  thirty-five 
vessels,  each  connected  with  a  separate  telegraph  wire.  Ampke,  in 
1820,  proposed  to  utilize  CErsted's  discovery,  by  employing  twenty- 
four  needles,  to  be  deflected  by  currents  sent  through  the  same  number 
of  wires;  and  Baron  Schilling  exhibited  in  Busda^  in  1832,  a  tele- 
graphic model  in  which  the  signals  appear  to  have  been  ^ven  by  the 
deflections  of  a  single  needle.^ 

Weber  and  Gauss  carried  out  this  plan  in  1833,  by  leading  two 
wires  from  the  observatory  of  Gottingen  to  the  Physical  CabiDet,  a 
distance  of  about  9000  feet  The  signals  consisted  in  small  deflec- 
tions of  a  bar-magnet,  suspended  horizontally  with  a  mirror  attached, 
on  the  plan  since  adopted  in  Thomson's  mirror  galvanometer. 

At  their  request  the  subject  was  earnestly  taken  up  by  Professor 
Steinheil  of  Munich,  whose  inventions  contributed  more  perhaps  than 
those  of  any  other  single  individual  to  render  electric  telegraphs 
commercially  practicable.  He  was  the  first  to  ascertain  that  earth- 
connections  might  be  made  to  supersede  the  use  of  a  return  wire. 
He  also  invented  a  convenient  telegraphic  alphabet,  in  which,  as  in 
most  of  the  codes  since  employed,  the  different  letters  of  the  alphabet 
are  represented  by  different  combinations  of  two  elementary  signak 
Two  needles  were  employed,  one  or  the  other  of  which  was  deflected 
according  as  a  positive  or  a  negative  current  was  sent,  the  deflections 
being  always  to  the  same  side.  Sometimes  the  needles  were  merely 
observed  by  eye,  sometimes  they  were  made  to  strike  two  heUs,  and 
sometimes  to  produce  dots,  by  means  of  capillary  tubes  charged  with 
ink,  on  an  advancing  strip  of  paper,  thus  leaving  a  permanent  record 

^  The  contributions  of  Mr.  (now  Sir  Francis)  Ronalds  to  the  art  of  telegrapihy  must  not 
be  altogether  overlooked.  According  to  an  able  notice  in  NtUure^  Nov.  23,  1571. 
''Sir  Francis,  before  1823,  sent  intelligible  messages  through  more  than  eight  miles  of 
wire  insulated  and  suspended  in  the  air.  His  elementary  signal  was  the  divetgenoe  of  Ike 
pith-balls  of  a  Canton*s  electrometer  produced  by  the  communication  of  a  statical  <iaist 
to  the  wire.  He  used  synchronous  rotation  of  lettered  dials  at  each  end  of  the  line,  aed 
charged  the  wire  at  the  sending  end  whenever  the  letter  to  be  indicated  passed  an  opening 
provided  in  a  cover;  the  electrometer  at  the  far  end  then  diverged,  and  thus  infcsmed  the 
receiver  of  the  message  which  letter  was  designated  by  the  sender.  Hie  dials  never 
stopped,  and  any  slight  want  of  synchronism  was  corrected  by  moving  the  cover.  Hoghes' 
printing  instrument  is  the  fully-developed  form  of  this  rudimentary  instrument.  A  gss 
pistol  was  used  to  draw  attention,  just  as  now  a  bell  is  rung.  The  primary  idea  of  reverse 
currents  is  to  be  found  where  Sir  Francis  suggests  that  the  wire  when  charged  with  poa- 
tive  electricity  should  discharge  not  to  earth  but  into  a  battery  negatively  diaqged. 
Equally  interesting  is  the  discussion  on  what  we  now  call  lateral  induction,  ^en  Jmown 
as  compensation.  The  author  clearly  saw  that  i^  the  underground  wires  which  he  so^gesti 
as  substitutes  for  aerial  lines,  this  induction  would  be  or  might  be  a  oanae  of  retaniataaB.** 
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on  the  strip  in  the  shape  of  two  rows  of  dots.     His  currents  were 
magneto-electric,  like  those  of  Weber  and  Gauss. 

The  attraction  of  an  electro>magnet  on  a  movable  armature  fur- 
nishes another  means  of  signalling.  This  was  the  foundation  of 
Morse's  telegraphic  system,  and  was  employed  by  Wheatstone  for 
ringiDg  a  bell  to  call  attention  before  transmitting  a  message. 

About  the  year  1837  electric  telegraphs  were  first  established  as 
commercial  speculations  in  three  different   countriea      Steinheils 
system  was  carried  out  at  Munich,  Morse's  in  America,  and  Wheat- 
stone  and  Cooke's  in  England.     The  first  telegraphs  ever  constructed 
for  commercial  use  were  laid  down  by  Wheatstone  and  Cooke,  on  the 
London  and  Birmingham  and  Great  Western  Railways.     The  wires, 
which  were  buried  in  the  earth,  were  five  in  number,  each  acting  on 
a  separate  needle;  but  the  expensiveness  of  this  plan  soon  led  to  its 
being  given  up.    The  single-needle  and  double-needle  telegraphs  of 
the  same  inventors  have  been  much  more  extensively  used,  the  former 
requiring  only  one  wire,  and  the  latter  two. 

Wheatstone  (now  Sir  Charles  Wheatstone)  has  since  contributed 
leveral  important  inventions  to  the  art  of  telegraphy,  some  of  which 
v^e  shall  have  occasion  to  mention  in  later  sectiona 

583.  Batteries. — ^All  the  public  telegraphs  in  this  country  have 
low  for  many  years  been  worked  by  voltaic  currents ;  the  magneto- 
[ectric  system,  which  was  tried  on  some  lines,  having  been  found 
3  involve  a  needless  expenditure  of  labour. 

According  to  Mr.  CuUey,^  engineer-in-chief  to  the  post-office,  the 
ittery  which  has  been  adopted  by  the  authorities  of  that  depart- 
ent  is  a  modified  Daniell's,  consisting  of  a  teak  trough,  divided 
to  cells  by  plates  of  glass  or  slate,  and  well  coated  with  marine 
Lie,  each  cell  being  divided  into  two  by  a  slab  of  porous  porcelain. 
le  zinc  plates  measure  4  inches  x  2,  and  the  copper  plates,  which 
3  very  thin,  are  4  inches  square.  The  zinc  hangs  at  the  upper  part 
its  cell,  which  is  filled  with  dilute  solution  of  sulphate  of  zinc. 
e  copper  cell  is  filled  with  a  saturated  solution  of  sulphate  of 
pper,  and  crystals  of  this  salt  are  placed  at  the  bottom.  The 
>ezicliture  in  sulphate  of  copper  is  about  a  pound  and  a  half  for 
h  cell  per  annuuL 

184.  Wires. — ^The  wires  for  land  telegraphs  are  commonly  of  what 
ekUed  galvanized  iron,  that  is,  iron  coated  with  zinc,  supported  on 
t»  by  means  of  glass  or  porcelain  insulators,  so  contrived  that  some 

^  Handbook  of  Practical  Telegraphy,  edition  1871,  p.  19. 
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|>art  of  the  porcelain  surface  is  sheltered  from  rain,  and  insulates  tiie 
wires  from  the  posta  even  in  wet  weather.     Wires  thus  suspended 
are  called  air-lvnes. 

Underground  wires  are,  how- 
ever, sometimes  employed.  They 
are  insulated  by  a  coating  of 
gutta-percha,  and  are  usually  laid 
in  pipes,  an  arrangement  which 
admits  of  their  being  repaired  or 
renewed  without  opening  the 
ground  except  at  the  drawing-in 
boxes.  There  is  less  leakage  of 
electricity  from  subterranean 
than  from  air  lines,  but  theu-cost 
is  greater,  and  they  are  less  suited 
for  rapid  signalling,  on  account 
of  the  retardation  caused  by  the 
inductive  action  between  the 
wire  and  the  conducting  eartb, 
iK„  '1-    .    .  ■™.  which  is  similar  to  that  between 

the  two  coatings  of  a  Leyden  jar. 
The  early  inventors  of  electric  telegraphs  supposed  that  a  current 
could  not  be  sent  from  one  station  to  another  without  a  return  wire 
to  complete  the  circuit.  Stelnheil,  while  conducting  experiments  on 
a  railway,  with  the  view  of  ascertaining  whether  the  rails  could  he 
employed  as  lines  of  telegraph,  made  the  discovery  that  the  earth 
would  serve  instead  of  a  return  wire,  and  with  the  advantage  of 
diminished  resistance;  the  earth,  in  fact,  behaving  like  a  return  wire 
of  infinitely  great  cross- section,  and  therefore  of  no  resistance. 

We  are  not,  however,  to  suppose  that  the  current  really  returns 
from  the  receiving  to  the  transmitting  station  through  the  earth. 
The  duty  actually  performed  by  the  earth  consists  in  draining  off  the 
opposite  electricities  which  would  otherwise  accumulate  in  the  ter- 
minals. It  keeps  the  two  terminals  at  the  same  potential ;  and  as 
long  as  this  condition  is  fulfilled,  the  current  will  have  the  same 
strength  as  if  the  termiuals  were  in  actual  contact 

S84a.  Single-needle  Telegraph. — One  of  the  best  known  tele- 
graphs in  this  country,  though  little  or  not  at  all  employed  elsewhere, 
is  the  single-needle  instrument  of  Wheatstone  and  Cooke,  represented 
in  Figs.  ol7  A,  b,  the  former  showing  its  external  appearance,  and  the 
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latter  its  internal  arrangements  as  e 
wiich  is  visible  in  front,  is  one  of  an 
the  centre  of  the  coil  CC.  When  the 
tbe  instrument  is  in  the  position  for 
station.     The  current  from  the  lin( 


tnverung  the  coil  and  deflecting  tl 
earth- wire  E,  having  taken  in  its  cou 
ft 

To  send  a  current  to  another  statioi 
side,  and  the  current  sent  will  be  pc 
tbe  side  to  which  the  handle  is  movet 
drical  arbor  a  b,  which  is  divided  ele 
insulator  in  the  middle  of  its  length, 
projecting  from  it,  one  pin  being  aboi 
are  vertical  when  the  handle  is  vertici 
but  when  the  handle  is  put  to  one 
attached  to  b)  makes  contact  with  om 
same  time  pushing  it  away  from  the  n 
it  oat  of  connection  with  the  other  ta 
(which  is  attached  to  a)  makes  contac 
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T  T",  only  one  of  which  is  shown  in  the  figure.  There  is  permaiieut 
connection  between  a  and  the  negative  pole  of  the  batteiy  tbiough 
the  spring  a,  and  between  b  and  the  positive  pole  through  the  spring  i. 
In  the  position  represented  in  the  figure,  a  serves  to  connect  Vat 
negative  pole  of  the  battery  with  the  earth,  and  h  serves  to  connect 
the  positive  pole  with  the  spring  (',  down  which  the  current  passes 
from  the  point  of  contact  of  the  pin,  and  then  through  the  coil  to  the 
line-wire  at  L.  The  needle  of  the  sending  station  is  thus  deflected 
to  the  same  side  as  that  of  the  receiving  station. 

If  the  handle  were  moved  to  the  other  side,  h  would  serve  to  con- 
nect the  positive  pole  with  the  earth,  and  a  would  establish  connec- 
tion between  the  negative  pole  and  the  coil,  which  is  itself  connected 
witli  the  line-wire. 

Since  the  telegraphs  of  this  country  came  into  the  hands  of  the 
post-office,  the  alphabet  devised  by  Wheatstone  and  Cooke  has  been 
given  up,  and  the  Morse  alphabet,  which  we  give  in  a  later  section, 
adopted  in  its  place.  In  the  Morse  alphabet,  which  is  now  the 
telegraphic  alphabet  of  all  nations,  the  shortest  signs  are  allotted  ia 
those  letters  which  occur  most  frequently.  Tliis  was  not  the  case 
with  the  old  needle-alphabet,  which  was  rather  planned  with  the 
view  of  assisting  the  memory;  and  experience  has  shown  that  sach 
assistance  is  quite  unnecessary.  The  needle  instrument  is  also,  to  > 
great  extent,  being  superseded  by  Morse's  instrument. 

58S.  Dial  Telegnplu. 
— Telegraphs  inwhidi 
the  ordinary  letters  of 
thealphabet  areiaoged 
round  the  circumfer- 
ence of  a  dial,  and  are 
pointed  at  by  a  revolv- 
ing hand,  are  specially 
convenient  for  those 
who  are  not  profes- 
sional tel^raphists. 
They  are  constmcted 
on  the  principleof  st«p- 
by-step  motion,  the 
'*■     '  *  '  "  hand    being  advanced 

by  successive  steps,  each  representing  one  current  sent  or  stopped. 
One  of  the  simplest  instruments  of  this  class  is  Sr^uet's,  which 
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is  extensiTely  used  on  the  FrcDch  rai 
aterior  of  tbe  receiving  instrument. 
a  letters  of  the  French  alphabet  an 
all  The  hand  (aa  ia  other  Btep-bj' 
iaone  direction,  which  is  the  same  i 
stopping  before  each  letter  which  is  1 
the  cross  at  the  end  of  each  word. 


bj  which  tbe  motion  is  produced,  l 
magnet,  the  magnet  itself  being  reo: 
other  parts  to  be  better  seen.  The  i 
annature  represent  vertical  sections  o 
bottom  of  the  box,  and  have  their  i 
they  would  nearly  conceal  tbe  arma 
turns  about  a  horizontal  axis  W, 
spring  which  draws  it  back  from  tb 
spring  can  be  regulated  by  means  of  i 
tbe  box.  When  a  current  is  sent,  t 
magnet ;  'when  the  current  ceases,  tl 
tboa  moves  continually  to  and  fro  di 
^ge.  An  upright  arm  t  is  attached 
borizontal  arm  c,  which  lies  betwee 
represented  on  a  larger  scale  in  Fig. 
A  horizontal  axis  a  b,  to  which  is  atta 
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pallet  acta  upon  an  escapement  wheel  0,  toothed  in  a  peculiar  w»y, 
the  thickness  of  the  teeth  being  only  half  the  thickness  of  the  wheel, 
and  the  teeth  on  one  half  of  the  thickness  being  opposite  the  spaces 
on  the  other  half  The  total  number  of  teeth  is  26,  thirteen  on  each 
half  of  the  thickness. 

When  no  current  is  passing,  the  paJlet  i  is 
engaged  with  one  of  the  teeth  on  the  remote 
side,  as  represented  in  Fig  520.     When  a  cur- 
rent passes,  the  armature  is  attracted,  and  the 
pallet  is  moved  over  to  the  near  side,  thos  re- 
leasing the  tooth  with  which  it  was  previously 
eng^ed,  and  becoming  engaged  with  the  next 
tooth  on  the  near  side  of  the  wheel    The  wheel, 
which  is  urged  by  a  clock-movement,  thus  ad- 
K(.  aio.— EnpHMDt.        vances  ^  of  a  revolution ;  and  the  band  on  the 
dial,  being  attached  to  the  wheel,  moves  for- 
ward one  letter.     When  the  current  ceases,  the  pallet  moves  back  U) 
the  remote  side,  and  the  hand  is  advanced  another  letter.     If  the 
hand  is  initially  at  the  cross,  it  will  be  advanced  to  any  required 
letter  by  so  arranging  matters  that  the  number  of  currents  plua  the 
number  of  interruptions  fihtU 
■"be  equal  to  the  number  de- 
noting the  place  of  the  letter 
in  the   alphabet.     To  effect 
this  arrangement  is  the  office 
of  the  sending  instrument 

586.  Sending  InstnuDeBl 
— This  is  represented  in  Fig. 
521.  There  is  a  dial  in- 
scribed  with  25  letters  and 
a  cross,  like  that  of  the  re- 
ceiving instrument,  and  an 
arm  which  can  be  carried 
round  the  dial  by  a  handle 
M.  There  are  26  notchts 
Fig.  Ml.— Bncnat'i  Huipniitot.  cut  in  the  edge  of  the  dial, 

in  which  a  pin  attached  to 
the  movable  arm  catches;  and  the  arm  is  allowed  sufficient  play  to 
and  from  the  face  of  the  dial  to  admit  of  this  pin  being  easily  released 
or  inserted.    When  the  pin  is  in  one  of  Uie  notches,  the  instramoit 
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u  in  position  For  transmitbing  the  correspoDding  letter. 
isaa  foUowB: — 

A  toothed  or  rather  undulated  wheel  ia  fixed  on  the 
the  revolving  arm,  and  toma  with  it  There  are  13  pn 
13  hollowa  on  ita  circumference,  a  few  of  which  are  al 
figure  where  the  fiwe  is  cut  away.  A  bent  lever  T,  m 
an  axis  at  a,  bears  at  one  end  against  the  circumfe 
undulated  wheel,  while  its  other  end  playa  between  two 
uA  ia  in  contact  with  one  or  other  of  these  pointa  whent 
«iid  bears  against  a  hollow  or  a  projection.  F  is  in  coc 
a  battery,  and  Q  with  the  earth,  the  undulated  wh 
GonDection  with  the  line-wire.  The  movement  of  the 
produces  the  requisite  number  of  currents  and  interrupl 

587.  Alamm.— Besides  the  sending  and  receiving  app 
described,  each  station  has  an  alarum,,  which  ia  emp 
attention  before  aending  a  despatch.  There  are  sevi 
kinds.  Fig,  522  represents  the  vihraiing  alarum,  wl 
tbe  simplest.  It  contains  an  electro-magnet  e,  with  ai 
fixed  to  the  end  of  an  elastic  plate.  When  no  currei 
through  the  coil,  the  armature 

is  held  back  by  the  elasticity  — 

of  this  plate,  so  as  to  press 
against  a  contact-spring  g  con- 
nected with  the  binding-screw 
>»:  The  terminals  of  tiie  coil 
are  at  the  binding-screws  p,  p', 
the  former  of  which  is  in  con- 
oectioQ  with  the  armature,  and 
tbe  latter  with  the  earth.  As 
long  as  the  armature  presses 

against  tbe  spring  g,  there  ia  Fig.  e2i.-viiintiii(i 

communication    between    the 

two  binding-sere wa  m  and  j>'  through  the  coil ;  but  t 
a  current  produces  attraction  of  the  armature,  which  d 
from  g  and  interrupts  the  current.  The  electro-magn 
nugnetized,  and  the  armature  springs  back  against  g,  i 
a  freaii  current  to  pass.  Tbe  armature  is  t)ms  kept 
vibration ;  and  a  hammer  K,  which  it  carries  above, 
(Mated  strokes  on  a  bell  T. 

j(87i.  Wbeatatone'B  nnivenal  Teleprsph.— -The  first 
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telegraph  was  invented  by  Wheatstone ;  and  the  most  perfect  mstra- 
ment  of  the  class  is  probably  his  "  Universal  Telegraph,"  which  is 
now  in  such  general  use  in  this  country  for  connecting  places  of 
businesa    The  currents  employed  are  magnetoelectric,  and  are  alter- 
nately positive  and  negativa     They  produce  successive  reversals  of 
polarity  in  an  electro-magnet,  which  acts  upon  a  light  steel  magnet — 
a  kind  of  astatic  needle— and  causes  it  to  rotate  through  a  large 
angle  first  in  one  direction,  and  then  in  the  opposita     Each  of  these 
rotations  causes  a  ratchet-wheel  to  advance  one  tooth,  and  this 
causes  the  pointer  to  advance  one  letter.    At  the  same  time,  the 
turning  of  the  handle  by  which  the  cuiTents  are  generated,  causes 
the  pointer  of  the  sending  instrument  to  advance  one  letter  for  each 
current  sent,  so  that  the  pointers  at  the  two  stations  indicate  the 
same  letter.     The  same  dial  which  serves  for  sending,  also  serves  for 
receiving.     It  is  surrounded  by  a  number  of  keys  or  buttons,  one 
against  each  letter.      When  any  letter  is  to  be  sent,  its  key  is 
depressed,  the  operator  continuing  all  the  time  to  turn  the  handle 
for  generating  currents.     Previous  to  putting  down  a  key,  these 
currents  complete  their  circuit  within  the  instrument;  but  when  a 
key  is  down,  every  current  generated  travels  along  the  line  to  the 
receiving  station,  until  the  pointers  have  been  advanced  step  by  step 
to  the  corresponding  letter.     As  soon  as  this  has  been  reached,  the 
currents  are  again  confined  to  the  Bending  instrument;  and  the 
pointers  will  make  no  further  advance  till  another  key  is  put  down.^ 

688.  Morse's  Telegraph. — Morse's  apparatus,  first  tried  in  America 
about  1837,  is  now  perhaps  the  most  extensively  used  of  all. 

His  receiving  instrument,  or  indicator,  in  its  primitive  simplicity, 
consists  (Fig.  523)  of  an  electro-magnet,  a  lever  movable  about  an 
axis,  canying  a  soft-iron  armature  at  one  end,  and  a  pencil  at  the 
other,  and  a  strip  of  paper  which  is  dmwn  past  the  pencil  by  a  pair 
of  rollers. 

As  the  pencil  soon  became  blunt,  and  was  uncertain  in  its  marking, 
a  point,  which  scratched  the  paper,  was  substituted.  This  has  now 
to  a  great  extent  been  superseded  by  an  ink- writer,  w^hich  requires 
the  exertion  of  less  force,  and  at  the  same  time  leaves  a  more  visible 
trace. 

689.  Beceiving  Instrument. — Fig.  524  represents  Morse's  indicator 

^  For  the  details  of  the  mechaiiism,  reference  may  be  made  to  Wheatstone'a  Patent^  No, 
1239  year  1858.  A  condenied  account  wiU  be  found  in  Sabine  on  the  Slectric  Ttlegrapk, 
[xp.  82-54. 
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at  modified  by  Digney.    A.  train  of  clock>work,  not  shown  Id  the 


Fif .  £13.— Mona'i  Tdgcnph. 


figure,  drives  one  of  a  pair  of  rollers  nm,  which  draw  forward  a  strip 
of  paper  pp  forming  part  of  a  long  roll  E.    The  same  train  turns  the 


Fig.  £»— McNtUed  Fan 


nting-cy Under  H,  the  surface  of  which  is  kept  constantly  charged 
.h  a  tbick  greaay  ink  by  rolling-contact  with  the  ink-pad  L.    The 
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armature  B  B'  of  the  electro-magnet  A  is  mounted  on  an  ana  at  C, 
and  carries  a  style  at  its  extremity  just  beneath  the  printing-cylinder. 
When  a  current  passes,  the  armature  is  attracted,  and  the  style 
presses  the  paper  against  the  printing-cylinder,  causing  a  line  to  be 
printed  on  it,  the  length  of  which  depends  on  the  duration  of  the 
current,  as  the  paper  continues  to  advance  without  interraption. 
The  lines  actually  employed  are  of  two  lengths,  one  being  made  as 
short  as  possible  (-),  and  called  a  dot,  the  other  being  about  three 
times  as  long  ( — )  and  called  a  dash.  The  opposing  spring  D  re- 
stores the  armature  to  its  original  position  the  moment  the  current 
ceases. 

590.  Key  for  Transmitting. — Morse's  key  (Fig.  525)  is  simply  a 

brass  lever,  mounted 
.  on  a  hinge  at  A,  and 
pressed  up  by  the  spring 
/  When  the  operator 
puts  down  the  key,  by 
pressing  on  the  button 
K  with  his  finger,  tbe 
projections  c  d  are 
brought  into  <x>ntact, 
and  a  current  passes 
from  the  battery-wire  P  to  the  line-wire  L.  When  the  key  is 
up,  the  projections  ab  are  in  contact,  and  currents  arriving  by  tbe 
line-wire  pass  by  the  wire  B  to  the  indicator  or  the  relay.  By 
keeping  the  key  down  for  a  longer  or  shorter  time,  a  dash  or  a 
dot  is  produced  at  the  station  to  which  the  signal  is  sent  The  dash 
and  dot  are  combined  in  different  ways  to  indicate  the  different 
letters,  as  shown  in  the  foUovdng  scheme,  which  is  now  generally 
adopted  both  in  Europe  and  America: — 


Fig.  685.— Mozm'8  Key. 
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A  space  about  «qual  to  the  length  of  a  dash  is  lefl  between  two 
letters,  and  a  space  of  about  twice  this  length  between  two  words. 

In  needle-telegraphs,  the  dot  ia  represented  by  a  deSection  to  the 
leil,  and  the  dash  by  a  deflection  to  the  right 

Fi^  526  represents  Morse's  indicator  in  conDection  with  what  is 


Fig.  SW^-lIioa'a  Appuato,  with  RaUr. 

called  a  relay;  that  is  to  say,  an  apparatus  which,  on  receiving  a 
feeble  current  from  a  distance,  sends  on  a  much  stroDger  current  from 
a  battery  on  the  spot  The  key  B  being  up,  a  current  arriving  by 
the  line-wire  passes  through  the  key  from  c  to  a,  thence  through 
another  wire  to  the  coil  of  the  electro-magnet  belonging  to  the  relay, 
ind  through  this  coil  to  earth.  The  electro-magnet  of  the  relay 
ittracts  an  armature,  the  contact  of  which  with  the  magnet  com- 
>[etes  the  circuit  of  the  local  battory,  in  which  circuit  the  coil  belong- 
Dg  to  the  indicator  is  included.  The  armature  of  the  indicator  is 
hus  compelled  to  follow  the  movements  of  the  armature  of  the  relay. 

Belays  are  used  when  the  currents  which  arrive  toe  too  much 
ifeebled  to  give  clear  indications  by  direct  action.  They  are  also 
■equently  introduced  at  intermediato  points  in  long  lines  which 
>uld  not  otherwise  be  worked  through  &om  end  to  end.  The 
laJogy  of  this  use  to  change  of  horses  on  a  long  journey  is  the  origin 

the  nain&  Belays  are  also  frequently  used  in  connection  with 
arunos  Tvhen  these  are  large  and  powerful 
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591.  Hughes'  Printing  Telegraph. — The  employment  of  Hone's 
alphabet  requires  on  the  average  about  three  currents  to  be  sent  per 
letter.      The  extension  of  telegraphic  service  has  stimulated  the 
industry  of  inventors  to  devise  means  for  obtaining  more  rapid 
transmission.    Hughes,  about  1859,  invented  a  system  which  requires 
only  one  current  to  be  sent  for  each  letter,  and  which,  accordingly, 
sends  messages  in  about  a  third  of  the  time  required  by  Horse's 
method.     Hughes'  machine  also  prints  its  messages  in  Roman  char- 
acters on  a  strip  of  paper.    These  advantages  are,  however,  obtained 
at  the  expense  of  extreme  complexity  in  the  apparatus  employed 
It  is  only  fit  for  the  use  of  skilled  hands;  but  it  is  extensively 
employed  on  important  lines  of  telegraph.      "We  will  proceed  to 
indicate  the  fundamental  arrangements  of  this  marvellous  piece  of 
ingenuity. 

Fig.  527  is  a  general  view  of  the  machine.  It  is  propelled  by 
powerful  clock-work,  with  a  driving- weight  of  about  120  lb&,  and 
with  a  regulator  consisting  of  a  vibrating  spring  I  acting  upon  a 
'scape-wheel.  A  travelling  weight  on  the  spring  can  be  moved 
towards  either  end  to  regulate  the  quickness  of  the  vibrations.  The 
clock-work  drives  three  shafts  or  axes :  (1.)  the  type-shaft,  so  called 
because  it  carries  at  its  extremity  the  type-wheel  T,  which  has  the 
letters  of  the  alphabet  engraved  in  relief  on  its  circumference  at  equal 
distances,  except  that  a  blank  space  occui's  at  one  place  instead  of  a 
letter;  (2.)  the  printing-shaft,  which  turns  much  faster  than  the 
type-shaft,  making  sometimes  700  revolutions  per  minute,  and  cany- 
ing  the  fly-wheel  V.  These  two  axes  are  horizontal,  and  are  sepa- 
rately represented  in  Fig.  528 ;  (3.)  a  vertical  shaft  a,  having  the  same 
velocity  as  the  type-wheel,  which  drives  it  by  means  of  bevel- wheels. 

This  vertical  shaft  consists  of  two  metallic  portions,  insulated  from 
each  other  by  an  ivory  connecting-piece.  In  the  position  represented 
in  Fig.  528,  these  two  metallic  parts  are  electrically  connected  by 
means  of  the  screw  V,  but  they  will  be  discoimected  by  raising  the 
movable  piece  v. 

The  revolving  arm  composed  of  the  pieces  v'v  is  caJled  the  chariot 
It  revolves  with  the  vertical  shaft,  and  travels  over  a  disc  D  pierced 
with  as  many  holes  as  there  are  letters  on  the  type-wheel,  these  holes 
being  ranged  in  a  circle  round  the  base  of  the  shaft,  and  at  such  a 
distance  from  the  shaft  that  the  extremity  of  the  chariot  passes 
exactly  over  them.  In  these  holes  are  the  upper  ends  of  a  set  of 
pins  g,  which  are  raised  by  putting  down  a  set  of  keys  BN  resem* 
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bling  those  of  a  piano.  When  the  chariot  passes  over  a  pin  which  a 
thas  raised,  the  piece  v  is  lifted  away  Irom  V,  and  the  caTrent  from 
the  battery,  which  previously  passed  from  the  pin  through  v  and  t^ 
to  the  earth,  is  now  cut  off  from  i/,  and  passes  through  v  to  the 
electro-magnet,  and  thence  to  the  line-wire. 

This  is  the  process  for  sending  signala  We  will  nowexphuu  how 
a  current  thus  sent  causes  a  letter  to  be  printed  by  the  type-wheel* 
at  both  the  sending  and  receiving  stations,  the  sending  and  receiving 
instrumeuts  being  precisely  alike. 

The  current  traverses  the  coils  of  an  electro-magnet  E  (Fig.  527), 
beneath  which  is  a  permanent  steel  horse-shoe  mag;net,  having  its 
poles  in  contact  with  the  soft-iron  cores  of  the  electro-magnei 
When  no  current  is  passing,  the  influence  of  the  steel  renders  these 
cores  temporary  m^i^ets,  and  enables  them  to  hold  the  movable 
armature  p  against  the  force  of  an  opposing  spring.  The  current  is 
In  such  a  direction  that  it  tends  to  reverse  the  msg;netism  induced 
by  the  steel.     It  is  not  necessary,  however,  that  it  should  be  stroog 


Fig.  tiS.— 1>p«  jhiA  uu)  Printing 


enough  to  produce  an  actual  reversal,  but  merely  that  it  should 
weaken  the  induced  magnetism  of  the  cores  sufliciently  to  enable  the 
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opposing  spring  to  overpower  tbem.  This  is  one  of  the  most  original 
parts  of  Hughes'  apparatus,  and  is  a  main  cause  of  its  extreme 
sensibility. 

The  printing-shafb  consists  of  two  portions,  one  of  which  I  (Fig. 
528)  carries  the  fly-wheel  Y,  and  turns  uniformly  under  the  action 
of  the  clock  movement ;  the  other,  which  is  next  the  front  of  the 
machine,  remains  at  rest  when  no  current  is  passing;  but  when  the 
annature  of  the  magnet  rises,  the  two  parts  of  the  shaft  become 
locked  together  by  means  of  the  ratchet-wheel  and  click  i  i\ 

The  portion  of  the  shaft  which  is  thus  turned  every  time  a  current 
passes,  carries  a  very  acute  cam  or  tooth  p  (Fig.  529),  which  sud- 
denly raises  the  lever  a  6,  movable  about  an  axis  at  one  end  T,  and, 
by  so  doing,  raises  the  paper  against  the  type- wheel,  and  prints  the 
letter.  In  order  thus  to  print  a  letter  from  the  rim  of  a  wheel  which 
continues  turning,  very  rapid  movement  is  necessary.  This  is  secured 
by  making  the  opposing  spring  which  moves  the  armature  very 
powerful,  and  the  cam  p  very 
acute.  The  same  movement 
of  the  lever  which  produces 
the  impression,  raises  the  arm 
J  U,  which  carried  a  spring  r 
with  a  click  at  its  extremity. 
This  dick,  in  its  ascent,  glides 
over  the  teeth  of  the  ratchet- 
wheel  E;  but  locks  into  the 
teeth  and  turns  the  wheel 
in  its  descent,  and  by  so 
doing,  advances  the  paper 
through  the  distance  corresponding  to  one  letter.  The  spacing  of 
the  words  is  obtained  by  the  help  of  the  blank  on  the  type-wheeL 

The  type-wheel  should  admit  of  easy  adjustment  to  restore  it  to 
agreement  with  the  chariot  when  accidental  derangement  may  have 
occurred.  For  this  purpose,  the  shaft  G  is  made  hoUow,  its  internal 
and  external  portions  being  merely  locked  together  by  the  click  on, 
which  is  held  in  its  place  by  a  permanent  current  in  either  direction. 
On  pressing  down  the  button  Q  (Fig.  527),  the  click  m  is  raised  by 
the  piece  E,  so  as  to  leave  the  type- wheel  free,  and  a  pin  is  provided 
which  catches  in  a  notch  corresponding  to  the  blank  on  the  type- 
wheeL     The  adjustment  can  also  be.  made  by  hand. 

Lastly,  the  shaft  I  carries  a  third  cam,  which,  at  each  revolution 


Fig.  629.— Meohaiiinn  for  Piintiiig. 


72S  ELECntO-MOTOES — -  ^hS. 

hXing  those  of  a  piano.     Whe'  .--'^wothed  wheel  T,  set  on  th« 

thus  raised,  the  piece  u  is  I!  ^  ^;ae3  it  a  little  forward  or  back- 

the  battery,  which  previo-  .  ■ :  ,,  driving  gear.    SmaU  discrepan- 

to  the  earth,  is  now  cu'  ^  type-wheel  and  chariot  are  thus 

electro-magnet,  and  thp  ,  ■^.  printed.    This  contrivance  serves  to 

This  is  the  process  *  ,.  .,  from  gaining  or  losiug  on  the  sending 

a  current  thus  sent  ■  -  -^^jmis^on  of  a  message.  The  tj-pe-wheel 
at  both  thesendinr  -:.^t  must  be  adjusted  before  the  message 
instruments  bein-    ;..    .  -^  j^q  instruments  start  at  the  same  letter. 

The  current  t    ,    ;^  Telegraph.— Suppose  a  metallic    cylinder, 

beneath  whic'     .)i,^^  with  the  earth,  to  be  revolving.  carr>Ti^ 

poles  in  cor       "7  '  j„4ce  a  strip  of  paper  freshly  impregnated  with 

Wlien  no  r       ''_'-''^ata.     Also  suppose  a  very  light  steel  point  per- 

cores  te0       ^  ,  J^^  with  the  line-wire,  and  resting  in  contact  with 

arm^ifcur        -^•' /reiy  time  that  s  current  arrives  by  the  Hoe-wire, 

in  sucl'       ji-  *  ^  will  take  place  at  the  point  of  contact,  and  the  paper 

by  tb        >*■'%(  inll  be  discoloured  by  the  formation  of  pnissian  blue. 

It  '^principle  of  Bain's  electro-chemical  telegraph,  which  leaT« 

^'"/J  >"  ^b^  shape  of  dots  and  dashes  of  pnissian  blue.    The 

'^113  for  sending  signals  is  the  same  as  in  Morse's  system.    Tbe 

^giust  not  be  too  wet,  or  the  record  will  be  blurred;  neitber 

'^it  be  too  dry,  for  then  no  record  will  be  obtained. 

^  Aatographio  Telegraph. — An   autographic  telegraph  is  ooe 

i,;,'ji  produces  at  the  receiving  station  a  fao-simile  of  the  origintl 

j^tch.     The  best  known  instruments  of  this  class  are  those  of 

^selli  and  Caselli.     We  shall  describe  the  latter. 

At  the  sending  station  a  sheet  of  metallized  paper,   with  tiit 


Flg.S3(t-FlliiBllil*i>[C>HUriTaI<CnplL 


de9[Kitch  written  upon  it  in  a  greasy  kind  of  ink,  is  laid  opoo  a 
cylbidric  surface  M  (Fig.  530).     At  the  receiving  station  th««  is  a 
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ii,  on  which  a  sheet  of  Bain's  chetnicat  paper 

^  liven  by  pendulums  which  oscillate  with  exact 

■V^  )ver  the  surfaces  of  the  two  sheets,  describing 

-^  )se  parallel  lines  at  a  uniform  distance  apart,  bol£ 


3  being  iu  permanent  connection  with  the  line-wira  The  cur- 
ia furoished  by  the  battery  P  at  the  sending  station.  When  the 
is  on  a  conducting  portion  of  the  paper  M,  the  current  takes 
>urse  of  least  resistance  ABCD,  no  sensible  portion  of  it  going 
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to  the  other  station.     On  the  other  hand,  when  the  style  is  on  the 
non-conducting  ink  in  which  the  despatch  is  written,  the  circuit 
ABCD  is  broken,  and  the  current  travels  through  the  line-wire.   At 
this  moment  the  style  on  the  sheet  R  is  in  exactly  the  same  position 
as  that  on  the  sheet  M,  by  reason  of  the  synchronism  of  the  pendu- 
lums, and  a  blue  line  will  be  produced  which  will  be  the  Qxact  repro- 
duction of  the  broken  line  of  the  despatch  traversed  by  the  style. 
Accordingly,  when  the  style  of  M  has  described  a  series  of  lines  close 
together  and  covering  the  sheet,  R  will  be  covered  with  a  series  of 
points  or  lines  forming  a  copy  of  the  despatch.     The  tracing  point  is 
carried  by  a  lever  turning  about  an  axis  near  its  lower  end.    To  this 
lower  end  is  attached  a  connecting-rod,  jointed  at  its  other  end  to 
the  pendulum  (Fig.  531).     While  the  pendulum  swings  in  one  direc- 
tion, the  style  traces  a  line  in  one  direction  on  the  sheet    At  the 
end  of  this  stroke,  an  action  occurs  which,  besides  advancing  the 
style,  raises  it,  so  that  it  does  not  touch  the  sheet  during  the  return 
stroke. 

The  synchronism  of  the  pendulums  at  the  two  stations,  which  is 
absolutely  necessary  for  correct  working,  is  obtained  by  means  of 
two  clocks  which  are  separately  regulated  to  a  given  rate,  the  dock- 
pendulums  making  two  vibrations  for  one  of  the  telegraphic  pendulum. 
The  bob  of  the  latter  consists  of  a  mass  of  iron,  and  vibrates  between 
two  electro-magnets,  which  are  made  and  unmade  according  to  the 
position  of  the  clock-pendulum,  as  the  latter  makes  and  breaks  the 
circuit  of  a  local  battery.  Thd  mass  of  iron  is  thus  altematdy 
attracted  by  each  of  the  two  magnets  as  it  comes  near  them,  and  is 
prevented  from  gaining  or  losing  on  the  clock. 

It  is  evident  that  the  Caselli  telegraph  may  be  applied  to  copy  not 
only  letters  but  a  design  of  any  kind ;  hence  the  name  o{ panteUffrapk 
which  has  been  given  it.  Fig.  532  represents  a  copy  thus  obtained 
upon  Bain's  paper.  Fig.  533  represents  a  copy  obtained  at  the  same 
time  upon  a  sheet  of  tin-foil,  such  as  is  usually  placed  beneath  the 
paper.  The  current  decomposes  the  moisture  of  the  paper,  and  the 
hydrogen  thus  liberated  reduces  the  oxide  of  tin,  of  which  a  small 
quantity  is  always  present  on  the  surface.  If  the  foil  be  then  treated 
with  a  mixture  of  nitric  and  pyrogallic  acid,  the  traces  are  developed, 
and  come  out  black. 

The  Caselli  system  has  been  used  for  some  years  on  the  tel^[raphs 
around  Havre  and  Lyons,  but  has  not  realized  the  hopes  of  its  {HO- 
meters,  its  despatches  being  often  illegible. 


SUBMABINE  TELEGBAFHS, 


Instead  of  a  seriea  of  parallel  lines,  the  styles  may  be  made  to  trace 
the  Euecessive  convolutions  of  a  fine  helix,  the  two  sheets  being  bent 


Fl(.  Ul.— FK^imlteof  Dapatsh. 
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round  two  cyliadera,  which  revolve  in  equal  times,  and  also  advance 
ioDgitudinally. 

595.  Sabnuuioe  TelegraphB. — The  first  submarine  telegraph  cable 
raalaid  between  Dover  and  Calais  in  1850;  but,  being 
Dsufficiently  protected  against  the  Mction  of  the  rocks, 
;  only  lasted  a  few  hours.  The  two  Atlantic  cables 
'hich  were  laid  iu  1866  appear  to  be  still  in  perfect 
rder. 

Submarine  cables  are  now  usually  constructed  by 
tbeddiog  a  certain  number  of  straight  copper  wires 

gutta-percha  (Fig.  534),  which  insulates  them  from 
ch  other ;  this  is  surrounded  with  tarred  hemp,  and 
feral  strands  of  iron  wire  are  wound  outside  of  all. 
le  copper  wires  in  the  interior  are  the  conductors 

the  transmission  of  the  signals;  the  guttarpercha 
for  insulation ;  tlie  hemp  and  iron  are  fur  protec- 
n. 

rbe  Atlantic  cables  contain  a  central  conductor, 
sisting  of  seven  copper  wires,  twisted  together  and 
ered  with  three  layers  of  gutta-percha,  forming 
igether  a  cyliader  i  of  an  inch  in  diameter.  This 
»rered  with  a  layer  consisting  of  five  strands 
lemp,  served  with  a  composition  consisting  of  5  parts  of  Stock- 
n  tar,  5  of  pitch,  1  of  linaeed-oil,  and  1  of  beea'-wax.  Lastly,  the 
lie  is  covered  by  18  strands  of  charcoal  iron,  each  strand  condst- 
of  seven  wires  -^  of  a  thillimetre  in  diameter.     On  leaving  the 


734  ELECTBO-MOTOBS — ^TELEQRAPHSL 

machine  which  put  on  the  wire  covering,  the  cable  was  passed 
through  a  cauldron  contain  a  mixture  of  pitch,  tar,  and  linseed-oiL 
The  difficulty  of  obtaining  sufficiently  good  insulation  has  thus  been 
completely  surmounted. 

A  second  difficulty  attaching  to  submarine  telegraphy  depends 
upon  the  inductive  action  of  the  surrounding  water,  or  of  the  iron 
sheath.  This  action,  which  is  found  quite  sensible  in  subteiranean 
lines  of  no  great  length,  becomes  of  immense  importance  in  long 
submarine  cables.  The  cable  forms  one  enormous  condenser,  the 
central  conductor  representing  the  inner  coating,  and  the  sea-water, 
or  iron  sheath,  the  outer  coating  of  a  Leyden  jar.  In  the  Atlantic 
cables,  the  retardation  of  the  signals  due  to  this  cause  is  so  consider- 
able that  it  would  be  barely  possible  to  obtain  a  speed  one-fifth  of 
that  usually  attained  on  land-lines,  if  the  same  modes  of  sending  and 
receiving  signals  were  employed  The  electrical  capacity  of  the  cable 
is  in  fact  so  enormous,  that  a  long  time  is  required  to  give  it  a  foil 
charge  from  a  battery,  or  to  discharge  it  again.  The  signals  accord- 
ingly lose  all  their  sharpness,  and  run  into  one  another,  unless  special 
precautions  are  taken.  After  sending  a  current  from  one  pole  of  the 
battery,  the  cable  must  be  discharged,  either  by  putting  it  to  earth. 
or,  still  better,  by  connecting  it  for  an  instant  with  the  other  pole  of 
the  battery.  The  residual  effects  of  the  first  current  are  thus  qoicklj 
destroyed,  and  the  line  is  left  free  for  a  second  signal. 

As  the  first  effect  received  through  such  a  cable  is  very  slight,  & 
very  sensitive  receiving  instrument  is  necessary  for  quick  working. 
Thomson's  mirror  galvanometer  (§  536a)  is  the  instrument  which 
has  been  hitherto  employed,  the  signals  being  read  off  by  an  attend- 
ant who  watches  the  movements  of  the  spot  of  light,  dots  and  dashes 
being  represented   by  deflections  in  opposite  directiona     A  self- 
recording  instrument  by  the  same  inventor  is  now  coming  into  use. 
in  which  the  signals  are  written  with  ink  discharged  firom  a  veiy 
light  glass  siphon,  the  siphon  being  moved  by  a  very  light  coil  of 
fine  copper  wire,  suspended  by  a  silk  fibre  between  the  poles  of  a 
very  powerful  permanent  magnet.     The  coil  turns  in  one  direction 
or  the  other  according  as  the  current  transmitted  is  positive  or 
negative,  thus  producing  opposite  sinuosities  in  the  ink  record  which 
is  traced  upon  an  advancing  strip  of  paper.     The  regular  flow  of  the 
ink  is  assisted  by  electrical  attraction,  on  the  principle  of  the  bucket 
or  watering-pot  described  in  §  445 ;  but  with  this  difference,  that  it 
is  not  the  ink  but   the  paper  that   is  electrified.      An  electrical 
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machine  of  peculiar  and  novel  constraction,  bearing  some  resemblanoe 
to  the  replenisher  of  §  469  E,  is  employed  for  this  purpose. 

595a.  Wheatstone's  Automatio  System. — ^Another  very  effective 
contrivance  for  increasing  the  speed  of  signalling,  is  Wheatstone's 
automatic  apparatus,  which  is  being  very  extensively  adopted  by  the 
authorities  of  the  postal  telegrapha     The  first  step  towards  sending 
a  message  by  this  system  consists  in  punching  the  message  in  a  ribbon 
of  stiff  paper.     The  punching  is  done  by  a  special  instrument, 
the  operator  having    merely  to   put    down    three  keys,   one   of 
which  represents  dot,  another  dash,  and  the  third  hUmk.    The  holes 
punched  are  in  three  rows.     Those  in  the  middle  row  are  equidistant, 
and  are  intended  to  perform  tlie  ofSce  of  the  teeth  of  a  rack  in  guiding 
the  paper  uniformly  forwarda     Those  in  the  two  outside  rows  con- 
tain the  message,  a  dot  being  represented  by  a  pair  of  holes  exactly 
opposite  each  other  (:)  one  in  each  row,  and  a  dash  by  two  holes 
ranged  obliquely  (*.). 

The  punched  strips  are  then  put  through  the  transmitting  instru- 
ment, and,  by  regulating  the  movements  of  two  pins,  cause  the 
transmission  of  the  currents  necessary  for  printing  the  message  at 
the  receiving  station.  From  60  to  100  words  are  thus  transmitted 
per  minute  and  automatically  printed. 

The  following  is  a  specimen  of  three  consecutive  words  of  a 
telegraphic  message,  as  it  appears  on  the  punched  strip  at  the  sending 
station,  and  on  the  printed  strio  at  the  receiving  station : — 


AaPwUlud. 


ATAisr  Y  tim:e 

AaPrinUd, 

The  speed  thus  attained  is  three  or  four  times  greater  than  that 
f  ordinary  writing.  The  practical  limit  to  speed,  in  lines  of  con- 
:derable  length,  arises  not  so  much  from  the  difiiculty  of  making 
aicker  movements^  as  from  the  blending  together  of  successive 
gnals  in  travelling  a  great  distance,  especially  if  part  of  the  distance 
3  under  ground  or  under  water.  This  evil  is  partly  remedied  by 
aking  each  signal  consist^  not  of  a  single  current,  but  of  two;  thus 
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a  dot  will  be  produced  by  an  instantaneous  current,  vmMediatdy 
succeeded  by  another  of  opposite  sign ;  a  dash  by  an  equally  short 
current  followed  at  a  longer  interval  by  an  opposite  od&  In  this 
way,  though  a  greater  number  of  currents  are  required  for  each  word, 
a  greater  number  of  words  can  be  distinctly  signalled  in  a  given 
time;  and,  by  sending  three  properly  adjusted  currents  for  each 
signal,  a  still  greater  speed  of  distinct  transmission  is  possible.  The 
transmitting  instrument  of  Wheatstone's  automatic  system  does  in 
fact  send  three  currents  for  each  dot  or  dash. 

S96b.  Electrically-controlled  Clocks. — Various  schemes  have  been 
proposed  for  utilizing  electricity  in  connection  with  the  driving  and 
government  of  clocks.  In  some  of  them,  electricity  is  employed  either 
to  wind  up  the  driving-weight,  or  to  fulfil  the  office  of  a  driving- 
weight  by  its  own  action,  a  pendulum  being  employed  as  the 
regulator,  as  in  ordinary  docka  In  others,  electricity  both  drives 
and  regulates  the  clock  (or  even  a  considerable  number  of  clocks), 
by  means  of  currents  which  keep  time  with  the  movements  of  a 
standard  clock,  electricity  having  thus  to  do  the  work  both  of 
driving  and  regulating  the  dependent  clodca 

But  the  system  which  has  given  the  best  practical  results  is  thai 
of  Mr.  B.  L.  Jones,  in  which  the  dependent  clocks  are  complete 
clocks,  able  to  go  of  themselves,  and  keep  moderately  good  time> 
without  the  aid  of  electricity.     The  duty  devolving  on  the  electric 

currents  is  merely  to  supply  the  small  amount  of 
accelerating  or  retarding  action  necessary  to  pre- 
vent the  dependent  clocks  from  gaining  or  losing 
on  the  standard  clock  by  whose  movements  the 
currents  are  timed. 

The  arrangements  for  attaining  this  end  are 
shown  in  the  annexed  figures  534!  A,  534  B,  which 
represent  the  pendulums  of  the  controlling  and 
controlled  clocks  respectively.  These  pendulums 
are  supposed  to  be  almost  precisely  of  the  same 
length,  so  that  they  would  nearly  synchronize  if 
disconnected. 

The  controlling  pendulum,  in  its  movement  to 
either  side,  comes  in  contact  with  one  or  the  other  of  two  weak 
springs  SS',  which  are  connected  with  the  poles  of  a  battery  PN, 
having  one  of  its  middle  plates  connected  with  the  earth,  so  as  to 
keep  its  poles  at  potentials  difiering  from  that  of  the  earth  in  opposite 


Fig.  &34A.— GontroUlng 
Pendalum. 


ELECTEICALLT-CONTROLLED  CLOCKS.  737 

directions.  In  the  position  represented  in  the  figure,  a  current  is 
being  sent  from  the  positive  pole  P  into  the  wire  W.  When  the 
pendulum  swings  over  to  the  other  side,  a  negative 
cnrrent  will  be  sent. 

The  bob  CC  of  the  controlled  pendulum  (Fig.  534  b) 
is  a  hollow  cylinder  of  soft  iron  encircled  by  a  coil, 
whose  ends  are  connected  through  two  suspending 
springs  at  m  with  the  wire  W  and  the  earth  respec- 
tively. The  consequence  of  this  arrangement  is  that, 
Fhenever  a  current  arrives  by  the  wire  W,  the  bob 
becomes  an  electro-magnet 

Two  steel  magnets  A  A'  are  fixed,  with  their  poles 

turned  opposite  ways,  in  such  a  position  that  the  hollow  ^^ 

bob  of  the  pendulum  always  encircles  one  or  both  of 

theuL  Suppose,  in  the  figure,  that  the  poles  A  A'  which   trouid  Pendulum. 

are  turned  outwards,  are  the  two  austral  poles,  so  that 

the  two  boreal  poles  are  facing  each  other.     Then  matters  are  to  be 

60  arranged  that,  in  the  position  represented,  the  pendulum  being 

near  the  left  extremity  of  its  swing,  the  right-hand  end  of  the  coil  is 

a  boreal  pole,  and  magnetic  force  urges  the  pendulum  to  the  left. 

When  the  pendulum  is  near  the  right  extremity  of  its  swing,  the 

current  is  in  the  opposite  direction,  and  consequently  the  boreal  pole 

)[  the  coU  is  its  left-hand  end.     The  pendulum  will  thus  experience 

nagnetic  force  urging  it  to  the  right.     If  the  pendulum  tends  to  gain 

ipon  the  standard,  its  return  from  the  extremities  of  its  swing  is 

has  opposed  for  a  longer  time  than  its  outward  movement  is  aided ; 

nd  if  it  tends  to  lose,  the  assistance  to  its  motion  lasts  longer  than 

le  opposition.     Its  tendency  to  deviate  from  the  standard  clock 

ther  way  is  thus  checked,  and  the  correcting  action  is  greater  as 

le  deviation  from  coincidence  is  greater.     The  controlling  power 

us  obtained  is  so  great,  that  even  if  the  electrical  connections  are 

terrupted  during  several  consecutive  beats,  the  accumulated  errors 

U  be  completely  wiped  off  after  the  connections  are  restored 

48 
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of  this  axis,  engages  with  a  very  coarse-tootbed  wheel  T,  set  on  tbe 
same  axia  as  the  type-wheel,  and  pushes  it  a  little  forward  or  back- 
ward without  detaching  it  from  the  driving  gear.  Small  distrepas- 
cdes  between  the  velocities  of  tbe  type-wheel  and  chariot  are  Uius 
corrected  as  often  as  a  letter  is  printed.  This  contrivance  serve*  to 
keep  the  receiving  instrument  from  gaining  or  losing  on  the  sending 
instrument  during  the  transmission  of  a  message.  The  t}^whe«l 
of  the  receiving  instrument  must  be  adjusted  before  the  message 
begins,  BO  as  to  make  tbe  two  instruments  start  at  tbe  same  letter. 

S92.  ElectroHjhemioal  Telegraph. — Suppose  a.  metallic  cylindei. 
permanently  connected  with  the  earth,  to  be  revolving,  cairjing 
with  it  on  its  surface  a  strip  of  paper  freshly  impregnated  villi 
cyanide  of  potassium.  Also  suppose  a  very  light  steel  point  per- 
manently connected  with  the  line-wire,  and  resting  in  contact  viib 
the  paper.  Every  time  that  a  current  arrives  by  the  lioe-wire, 
chemical  action  will  take  plaee  at  the  point  of  contact,  and  tbe  paper 
at  this  point  will  be  discoloured  by  the  formation  of  prus^an  blue 
This  is  the  principle  of  Bain's  electro-chemical  telegraph,  which  leavs 
a  record  in  the  shape  of  dots  and  dashes  of  pruesian  blue  The 
apparatus  for  sending  signals  is  the  same  as  in  Morse's  system.  Tt<^  | 
paper  must  not  be  too  wet,  or  the  record  will  be  blurred;  neitba 
must  it  be  too  dry,  for  then  no  record  will  be  obtained.  I 

698.  Antograpbio  Telegraph. — An    autographic  telegraph  is  one  ] 
which  produces  at  the  receiving  station  a  fac-simile  of  tbe  origim! 
despatch.     The  best  known  instruments  of  this  class  are  those  oi 
Bonelli  and  Caselli.     We  shall  describe  the  latter.  | 

At  the  sending  station  a  sheet  of  metallized  paper,  with  Hsn 


ng.  UO.-PriDiil[ila  or  Cfia»  "Misa^ 


Aespatch  written  upon  it  in  a  greasy  kind  ot  ink,  is  laid  npoo  a 
cylindric  surface  M  (Fig.  530).    At  the  receiving  station  there  ie  ■ 
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smilu  eylindric  surface  K,  on  which  a  sheet  of  Bud's  chemical  paper 
is  laid.  Two  styles,  driven  by  pendulums  Trhich  oscillate  with  exact 
syDcfaitmism,  move  over  the  surfaces  of  the  two  sheets,  describing 
upon  them  very  close  parallel  lines  at  a  uniform  distance  apart,  both 


Fig.  S31.-Cuem'(  Telftmpb. 


3  being  iu  permanent  connection  with  the  line-wire.  The  cur- 
a  furnished  by  the  battery  P  at  the  sending  station.  When  the 
is  on  a  conducting  portion  of  the  paper  M,  the  current  takes 
lurse  of  least  resistance  ABCD,  no  sensible  portion  of  it  going 
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position.     Thus  if  Fig.  536  represent  a  line  of  particles  traversed  by 
the  current  from  left  to  right,  there  will  be  a  continual  stream  of 
hydrogen-particles  along  this  line  from  left  to  right,  and  a  stream  of 
oxygen^  particles  from  right  to  left.    The  hydrogen  of  molecule  1  will 
combine  with  the  oxygen  of  molecule  2  to  form  a  new  molecule  1'; 
the  hydrogen  of  molecule  2  will  combine  with  the  oxygen  of  mole- 
cule 3  to  form  a  new  molecule  2',  and  so  on.     The  oxygen  of  mole- 
cule 1  is  given  off  at  the  left-hand  extremity,  which  we  suppose  to 
be  the  point  of  contact  with  one  of  the  strips  of  platinum,  and  the 
hydrogen  of  molecule  6  at  the  other  strip.    The  molecules  1',  2',  S' . . . 
are  then  in  their  turn  decomposed  to  form  a  new  set.    In  actual  cases, 
the  number  of  molecules,  instead  of  being  only  6  as  represented  in 
the  figure,  is  of  course  many  millions. 

698.  Electrolysis  of  Binary  Compounds. — When  a  compound  formed 
by  the  union  of  a  metal  with  some  other  elementary  substance  k 
submitted  to  electrolysis,  the  metal  always  comes  to  the  negatiTe 
pole.  It  was  in  this  way  that  sevei'al  of  the  metals  were  first 
obtained  from  their  oxides  by  Sir  Humphrey  Davy.  Potassium,  for 
example,  was  obtained  by  placing  a  piece  of  potash  on  a  platinum 
disk  connected  with  the  negative  pole  of  a  battery  of  250  ceUs,  and 
then  applying  a  platinum  wire  connected  with  the  positive  pole  to 
its  upper  surface.  The  potash,  which  had  been  allowed  to  contract 
a  little  moisture  from  the  atmosphere,  in  order  to  give  it  sufficient 
conducting  power,  soon  began  to  fuse  at  the  points  of  contact  of  the 
electrodes.  A  violent  effervescence  occurred  at  the  upper  or  positive 
electrode ;  while  at  the  lower  surface  small  globules  appeared  resem- 
bling quicksilver,  some  of  which  instantly  burst  into  flame,  while 
others  merely  became  tarnished  and  afterwards  coated  over  with  a 
white  film. 

The  earthy  oxides,  such  as  magnesia  and  alumina,  are  more  diffi- 
cult of  reduction  than  the  alkalies  potash  and  soda,  and  have  never 
yet  beon  electrolyzed.  The  metals  magnesium  and  aluminium  have, 
however,  been  obtained  by  the  electrolysis  of  their  chlorides. 
Chloride  of  magnesium,  for  example,  is  melted  by  heating  it  to 
redness  in  a  porcelain  crucible,  the  upper  part  of  which  is  divided 
into  two  compartments  by  a  porous  partition.  Pieces  of  carbon  are 
employed  as  the  terminals  of  the  battery,  and  are  inserted  oneio; 

^  According  to  modem  theories,  the  anion  is  not  oxygen,  as  here  stated,  but  a  oompoimii 
of  oxygen  and  sulphur.  (See  §  600.)  The  explanation  as  it  stands  in  the  text  r^sesoite  the 
views  held  by  Faraday  and  his  contemporaries. 
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each  of  these  compartments,  the  piece  which  is  to  serve  as  the  nega- 
tive electrode  being  notched  like  the  edge  of  a  saw,  with  its  teeth 
pointing  downwards  ready  to  intercept  the  metal  in  its  upward 
coarse — ^the  metal  being  specifically  lighter  than  its  chloride.  It  was 
by  the  electric  current  that  Deville  in  1854  succeeded  in  preparing 
ajanunium,  which  has  exhibited  such  unexpected  and  interesting 
properties. 

For  the  electrolysis  of  binary  compounds  soluble  in  water,  their 
solutions  are  frequently  employed,  but  these  should  in  general  be 
highly  concentrated. 

599.  ElectrolysiB  of  Salts. — When  a  salt  of  any  of  the  less  inflam- 
mable metals  is  submitted  to  electrolysis,  a  continual  deposition  of 
the  metal  is  observed  on  the  negative  electrode ;  while,  at  the  positive 
electrode,  oxygen  is  disengaged,  and  acid  set  free.     These  effects 
occur,  for  example,  if  platinum  electrodes  are  plunged  in  a  solution 
of  sulphate  of  copper.     If  an  oxydizable  metal  is  employed  as  the 
positive  electrode,  the  oxygen  will  combine  with  it  instead  of  being 
given  off      If  the  metal  employed  be  copper  itself,  the  oxide  of 
copper  formed  will  combine  with  the  acid,  and  a  quantity  of  sulphate 
of  copper  will  be  formed  exactly  equal  to  that  which  undergoes  decom- 
position.    The  solution  thus  remains  constantly  in  the  same  state  as 
regards  saturation,  and  the  copper  deposited  on  the  negative  electrode 
is  exactly  compensated  by  that  dissolved  off  the  positive  electroda 

Wlien  a  salt  of  one  of  the  alkaline  metals 
is  electrolyzed,  the  appearances  presented 
are  different  from  those  which  we  have  just 
been  describing;  and  they  for  a  long  time 
'eceived  an  erroneous  interpretation.  Let 
be  tube  represented  in  Fig.  537  be  charged 
rith  solution  of  sulphate  of  soda  coloured 
rith  syrup  of  violets.  If  the  current  be 
hen  passed,  after  the  lapse  of  some  time,  . 

red  tinge  wiU  be  observed  m  the  liquid  of  saiu. 

round  the  positive  electrode,  and  a  green 

nge  around  the  negative.  This  shows  the  presence  of  free  acid 
.  the  positive  and  alkali  at  the  negative  pole.  Oxygen  is  also 
und  to  be  evolved  at  the  positive  and  hydrogen  at  the  negative 
Je.  The  interpretation  for  a  long  time  given  to  these  results  was, 
at,  in  the  electrolysis  of  a  salt,  the  acid  went  to  the  positive  and 
D  base  to  the  negative  pole.    In  the  case  of  a  metallic  salt,  such  as 
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sulphate  of  copper,  it  was  supposed  that  the  oxide  of  copper  wliich 
forms  the  base,  underwent  a  further  electrolysis,  resulting  in  the 
appearance  of  the  metal  at  the  negative  and  of  the  oxygen  at  the 
positive  pole.     This  complicated  hypothesis  of  two  successive  elec- 
trolyses is  entirely  gratuitous.     It  was  in  fact  simply  framed  to  suit 
the  chemical  theories  which  regarded  a  salt  as  the  result  of  the  union 
of  an  acid  and  a  base.     It  is  now  believed  that  the  electrolysis  of 
sulphate  of  soda  is  single,  that  it  consists  in  resolving  the  salt  into 
sodium  and  an  unstable  compound  of  sulphur  and  oxygen,  SO4,  to 
which  the  name  of  sulphion  has  been  given.     The  sodium  unites 
with  the  oxygen  of  the  water  at  the  negative  pole,  thus  forming  soda 
and  liberating  hydrogen;  and  the  sulphion  unites  with  the  hydrogen 
of  the  water  at  the  positive  pole,  forming  sulphuric  acid  and  liberatiDg 
oxygen.     These  chemical  actions  immediately  consequent  upon  elec- 
trolysis are  called  secondary  actions. 

600.  Eleotrolysifl  of  Water. — What  we  have  just  said  of  salts,  applies 
equally  to  the  oxygen  acids.  Thus  in  the  electrolysis  of  sulphuric 
acid  (SO3,  H2O)  the  hydrogen,  which  is  a  kind  of  gaseous  metal, 
goes  to  the  negative  pole,  while  the  substance  SO4  goes  to  the  posi- 
tive pole,  and  there  unites  with  the  hydrogen  of  the  water  to  form 
the  primitive  compound,  setting  oxygen  free. 

It  is  probable  that  what  is  called  the  electrolysis  of  water  is  really 
an  indirect  action  of  this  kind ;  that,  in  fact,  it  is  not  the  water,  hut 
the  acid  contained  in  it  that  is  electrolyzed,  decomposition  and  recom- 
position  of  acid  being  in  continual  progress. 

Be  this  as  it  may,  voltameters  are  frequently  employed  for  the 
measurement  of  currents,  from  which  use  indeed  they  derive  their 
name.  This  mode  of  measuring  a  current  is  due  to  Faraday.  The 
quantity  of  electricity  which  passes  is  measured  by  the  quantity  of 
gas  evolved ;  and  this  is  best  determined  by  measuring  the  hydrogen, 
in  the  first  place  because  of  its  greater  volume,  but  still  more  because 
it  is  less  liable  than  oxygen  to  be  absorbed  by  water.  It  is  important 
that  the  temperature  at  which  the  operation  is  conducted  should  not 
be  too  low;  for  if  it  be  under  20°  C,  the  water  may  become  so 
strongly  impregnated  with  oxygen  as  to  be  able  to  take  up  some  ot 
the  hydrogen  which  is  separated  at  the  negative  pole,  and  reduce  it 
again  to  the  form  of  water. 

Voltameters  have  the  disadvantage,  as  compared  with  galvano* 
meters,  of  introducing  opposing  electro-motive  force  into  the  circuit 
as  well  as  a  large  amount  of  resistance 
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601.  Definite  Laws  of  Electrolysis. — The  following  principles  were 
completely  established  by  Faraday's  researches: — 

1.  The  quantity  (i,e.  mass)  of  a  given  electrolyte  decomposed  by  a 
current  is  simply  proportional  to  the  quantity  of  electricity  which 
passes  through  it, — in  other  words,  is  jointly  proportional  to  the 
strength  of  the  current  and  the  time  that  it  lasts ;  or,  the  rate  ot 
decomposition  of  c  given  electrolyte  is  simply  proportional  to  the 
strength  of  current,  and  is  independent  of  all  other  circumstancea 

2.  The  quantities  (masses)  of  different  electrolytes  decomposed  by 
the  same  quantity  of  electricity  are  directly  as  their  chemical  equi- 
valents.^ 

These  laws  can  be  extended  to  the  cells  of  the  battery  themselves, 
if  we  pay  proper  attention  to  the  signs  of  the  quantities  involved. 
The  essential  difference  between  a  cell  of  the  battery  and  a  decom- 
posing cell  included  in  the  circuit  is,  that  the  former  contributes 
positive,  and  the  latter  negative  electro-motive  force  to  the  circuit ; 
and  if  one  of  the  cells  of  the  battery  be  reversed,  so  that  the  current 
travels  through  it  not  from  zinc  to  copper  as  usual,  but  from  copper 
to  zinc,  it  immediately  becomes  a  decomposing  cell  with  electro- 
motive force  opposing  that  of  the  circuit.     The  amount  of  chemical 
combination  that  takes  place  in  a  battery  cell  (or  the  excess  of  com- 
bination over  decomposition,  if  both  are  going  on,  as  in  a  DanielTs 
cell,  where  sulphate  of  copper  is  decomposed)  is  chemically  equi- 
valent to  the  decomposition  that  occurs  in  any  one  decomposing  cell 
in  the  same  circuit.     This  is  on  the  supposition  that  no  local  action 
§  521)  is  allowed  to  take  place  in  the  battery.     Keeping  Grotthus* 
lypothesis  in  view,  we  may  therefore  assert  that  the  total  chemical 
iction  is  the  same  in  amount  for  all  sections  of  the  current,  whether 
hese  sections  are  taken  in  battery  cells  or  in  decomposing  cells ;  but 
>  opposite  in  sign,  according  as  the  sections  are  made  across  cells 
hich  assist,  or  which  oppose  the  current  by  their  electro-motive 

If  a  current  generated  by  a  battery  consisting  of  several  cells 
ranged  in  a  series,  is  passed  through  a  succession  of  decomposing 
lis,  one  containing  acidulated  water,  another  chloride  of  lead, 
other  protochloride  of  tin  in  a  state  of  fusion,  and  another  a  con- 

This  law  applies  directly,  and  without  exception,  to  the  decompositions  effected  by  the 
ict  action  of  the  current.  It  is  not  always  (though  usually)  applicable  to  the  final 
iltB  of  electrolysis,  when  secondary  actions  come  into  play.  In  certain  cases,  for 
mple^  the  final  result  will  be  exactly  double  what  the  law  would  give. 
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centrated  solution  of  nitrate  of  silver,  then  for  65  parts  by  weight  of 
zinc  dissolved  in  any  one  cell  of  the  battery,  2  parts  of  hydrogen  will 
be  evolved  from  the  acidulated  water,  and  207  parts  of  lead,  118  of 
tin,  and  216  of  silver,  from  the  other  electrolytes  respectively;  theso 
numbers  being  proportional  to  the  chemical  equivalents  of  zinc, 
hydrogen,  lead,  tin,  and  silver. 

If  several  cells  containing  the  same  electrolyte  are  placed  in  dif- 
ferent parts  of  the  circuit,  so  as  to  be  traversed  in  succession  by  the 
same  current,  the  same  amount  of  decomposition  will  be  effected  in 
them  all ;  and  this  amount  for  each  cell  will  be  the  full  equivalent  of 
the  action  in  each  cell  of  the  battery. 

In  order  to  effect  a  given  amount  of  decomposition  in  a  given  cell, 
with  the  smallest  possible  consumption  of  zinc  in  the  batteiy,  the 
number  of  battery  cells  employed  should  be  the  smallest  that  will 
suffice  to  effect  the  operation  at  all ;  in  other  words,  the  resultant 
electro-motive  force  in  circuit  should  barely  exceed  zero.  This  i: 
obvious  from  considering  that  the  quantity  of  electricity  required  tc 
effect  the  given  operation  is  irrespective  of  the  numberof  cells  of  the 
battery,  and  is  absolutely  constant  The  quantity  of  zinc  dissolved 
in  each  cell  is  therefore  constant  also,  and  hence  the  whole  zinc  dis- 
solved is  proportional  to  the  number  of  cells.  K  we  employ  more 
cells  than  are  necessary,  we  shall  effect  the  required  operation  more 
quickly,  but  at  the  expense  of  an  extra  consumption  of  zinc. 

Time  may  be  saved  by  increasing  the  number  both  of  the  decom- 
posing ceUs  and  of  the  battery  cells.  By  doubling  them  both,  ve 
shall  double  the  electro-motive  force  and  also  the  resistance,  so  that 
the  current  will  be  unaltered.  The  chemical  action  in  each  cell  will 
therefore  be  the  same  as  before ;  and  as  the  number  of  decomposing 
cells  is  doubled,  a  double  quantity  of  the  given  electrolyte  is  decom- 
posed 

602.  Polarization  of  Electrodes. — When  electrodes  have  been  doing 
duty  for  some  time  in  the  decomposition  of  an  electrolyte,  if  ve 
detach  them  from  the  battery,  plunge  them  in  a  conducting  liquid, 
and  connect  them  externally  by  a  wire,  we  shall  find  that  a  current 
is  circulating  in  the  opposite  direction  to  the  original  current 

Suppose,  for  example,  that  the  Bunsen  battery  M  (Fig.  538)  has 
been  employed  for  electrolyzing  sulphate  of  potash  by  means  of  the 
electrodes  A  B,  A  being  the  positive,  and  B  the  negative  electrode, 
the  current  flows  through  the  decomposing  cell  from  A  to  R  ^ow 
let  the  battery  be  removed,  and  the  electrodes  connected  externally 
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by  the  wire  N.    A  current  will  now  pass  through  the  liquid  frtmh 
B  to  A,  completing  its  circuit  through  the  wire. 

The  origin  of  this  current  can  be  explained  in  the  following  way. 
Daring  the  process  of  decomposition,  potash  collects  on  the  electrode 
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B,  and  sulphuric  acid  on  the  electrode  A.     When  the  connecting  wire 
is  substituted  for  the  battery,  the  two  substances  which  have  been 
forced  to  separate  begin  to  unite  again ;  and  as  their  tendency  to  do 
so  produced  an  opposing  electro-motive  force  while  the  direct  current 
was  passing,  this  tendency  is  now  manifested  in  the  actual  produc- 
tion of  a  reverse  current  and  reverse  transport  of  elements.     It  is  not 
necessary  that  the  deposition  of  the  two  substances  on  the  plates 
should  have  been  brought  about  by  electrolysis.     A  similar  result 
will  be  obtained  if  the  plates  be  coated  with  the  two  substances  in 
any  other  way 

Grove's  gas-battery  is  constructed  by  immersing  two  platinum 
plates  in  a  vessel  of  acidulated  water,  the  upper  halves  of  the  plates 
being  surrounded,  one  by  oxygen,  and  the  other  by  hydrogen, 
inclosed  in  inverted  tubea  External  communication  must  be  made 
between  the  plates  by  meanp  of  wires  sealed  into  the  upper  ends  of 
he  tubes,  and  a  current  will  pass  through  the  circuit  thus  completed ; 
T,  if  there  are  more  cells  than  one,  the  hydrogen  plate  of  each  cell 
lust  be  connected  with  the  oxygen  plate  of  the  next,  and  the  first 
ud  last  plates  must  also  be  connected.  In  each  cell,  union  of  the 
vo  gases  will  gradually  take  place  through  the  acidulated  water, 
(id  the  direction  of  the  current  will  be  opposite  to  that  which  would 
store  the  gases  to  their  places  if  the  cell  were  used  as  a  voltameter ; 
lat  is  to  say,  it  will  be  through  the  liquid  from  the  plate  in  hydrogen 
the  plate  in  oxygen.     The  plates  employed  for  this  purpose  are 
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usually  covered  with  a  deposit  of  finely-divided  platinum,  as  the 
great  extent  of  surface  thus  obtained  conduces  to  rapid  actioa 

Ritter's  secondary  pile  consists  of  a  number  of  discs  all  of  the 
same  metal  separated  by  pieces  of  moistened  cloth.  If  its  tiro 
extremities  be  connected  for  a  few  seconds  with  the  poles  of  a  battery, 
the  pile  will  be  found  to  have  acquired  the  power  of  producing,  for  a 
short  time,  a  current  opposite  to  that  of  the  battery. 

605.  Feeble  Currents  through  Electrolytes. — Liquids  capable  of 
undergoing  electrolysis  never  conduct  electricity  without  being 
electrolyzed.  Some  exceptions  were  at  one  time  supposed  to  exist 
in  cases  of  very  feeble  currents ;  but  experiments  in  vacuo  have  shown 
that  these  are  explained  by  the  re-absorption  by  the  liquid  of  the 
gases  evolved.  Under  the  exhausted  receiver  of  an  air-pump  the 
gases  are  actually  given  off.  There  appears  to  be  no  real  exception 
to  the  rule  that  electricity,  in  traversing  an  electrolyzable  liquid, 
always  produces  its  full  equivalent  of  decomposition* 

604.  Electro-metallurgy. — The  applications  of  electrolysis  to  the 
arts  are  numerous  and  important  They  are  of  two  kinds.  In  one, 
the  electrolytic  deposit  is  intended  as  a  permanent  covering,  and 
should  adhere  perfectly  so  as  to  form  one  mass  with  the  body  which 
it  covers.  In  the  other,  the  adhesion  is  temporary,  and  must  not  he 
too  close,  the  object  being  merely  to  obtain  an  exact  copy  of  the 
original  form.  Electro-plating  belongs  to  the  former  class ;  electrotype 
to  the  latter. 

606.  Electro-gilding  and  Electro-plating. — ^The  deposition  of  a 
coating  of  gold  or  silver  on  the  surface  of  a  less  precious  metal  i^ 
merely  an  example  of  the  electrolysis  of  a  salt,  as  described  in  §  599 
The  metal  in  solution  is  always  deposited  on  the  negative  electrode, 
hence  we  have  merely  to  make  the  negative  electrode  consist  of  the 
article  which  we  wish  to  coat.  The  only  points  to  be  decided  prac- 
tically relate  to  the  means  of  making^  the  deposit  solid  and  firmly 
adherent  These  ends  have  been  completely  attained  by  the  methods 
patented  about  1840  by  Elkington  in  England  and  Ruolz  in  France. 

The  solutions  are  always  alkaline,  and  usually  consist  of  the 
cyanide  or  chloride  of  the  metal,  dissolved  in  an  alkaline  cyanide. 

To  prepare  the  gold-bath,  50  grammes  of  fine  gold  are  dissolved  in 
aqua  regia;  and  the  solution  is  evaporated  till  it  has  the  consistence 
of  syrup.  Water  is  then  added,  together  with  50  grammes  of 
cyanide  of  potassium,  and  the  mixture  is  boiled.  The  quantities 
named  give  about  50  litres  of  solution. 
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The  n^tiye  electrode  consists  of  the  article  to  be  ^ded.  The 
positive  electrode  is  a  plate  of  fine  gold,  which  cooBtitutes  a  soluble 
electrode,  and  serves  to  keep  the  solution  at  a  constant  strength.  In 
order  that  the  gilding  may  be  well  done,  the  bath  must  be  main- 
tained, during  the  operation,  at  a  temperature  of  from  60°  to  70° 
Certlignde. 

Fig.  539  represents  a  form  of  apparatus  which  is  very  frequently 
employed.  The  poles  of  the  battery  are  connected  with  two  metallic 
nxk  resting  on  the  top  of  the  cistern  which  contains  the  bath.  The 
articJes  to  be  gilded  are  hung  from  the  negative  rod.     From  the 


positive  rod  is  imng  a  plate  of  gold,  whose  size  should  be  proportional 
to  the  total  surface  of  the  articles  which  form  the  negative  electrode. 

The  silver  bath  is  a  solution  containing  2  parts  of  cyanide  of  silver, 
10  of  cyanide  of  potassium,  and  250  of  water.  The  operation  of 
plating  is  the  same  as  that  of  gilding,  except  that  the  apparatus  is 
usually  on  a  larger  scale,  and  that  the  temperature  may  be  lower. 

In  both  cases  the  surfaces  to  be  coated  must  be  thoroughly 
cleansed  from  grease.  For  this  purpose  they  are  subjected  to  the 
>roce3ses  of  pickling  and  dipping,  which  we  cannot  stay  to  describe. 

Other  bodies,  as  well  as  metals,  can  be  coated,  if  their  surfaces  are 
irst  covered  ^vitb  some  conducting  material  Baskets,  fruits,  leaves, 
!a,  have  thus  been  gilded  or  silvered. 

Similar  processes  are  employed  for  depositing  other  metals,  of 
hich  copper  is  the  most  frequent  example. 

606.  Electrotype. — Electrotyping  consists  in  obtaining  copper  casta 
■  fae-similes  of  medals,  engraved  plates,  fee.,  by  means  of  electrolytic 
position.      The  first  eaccessful  attempts  in  this  direction  were  made 
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about  1839  by  Jacob!  at  St.  Petersburg  and  Spencer  in  England. 
Tbe  art  is  now  very  extensively  practised 

If  a  fac-simile  of  a  medal  is  required,  a  cast  is  first  taken  of  it. 
eitber  in  fusible  alloy,  plaster  of  Paris,  or  gutta-percha  softened  by 
beating  to  100°  C,  tbis  last  material  'being  the  most  frequently 
employed.  The  fusible  alloy  is  a  conductor ;  the  other  materials  are 
not,  and  tbeir  surfaces  are  therefore  rendered  conducting  by  rubbing 
tbem  over  witb  plumbago.  Tbe  mould  thus  prepared  is  made  to 
serve  as  tbe  negative  electrode  in  a  bath  of  sulphate  of  copper,  a 
copper  plate  being  used  as  the  positive  eleetroda  When  the  current 
passes,  copper  is  deposited  on  the  surface  of  tbe  mould,  forming  > 
tbin  sheet,  which,  when  detached,  is  a  fac-simile  of  one  side  of  the 
original  medal  A  similar  process  can  be  applied  to  the  other  ade, 
and  thus  a  complete  copy  can  be  obtained 

In  operations  of  tbis  kind,  the  bath  itself  is  often  made  to  serve  ss 
the  battery.  Fig.  510  represents  such 
an  arrangement. 

In  the  interior  of  a  vessel  confining 
a  saturated   solution   of  sulph&te  of 
copper,  a  second  vessel  is  supported. 
consisting  either  of  porous  earthen- 
ware or  of  a  glass  cylinder  closed  be- 
low by  a  membrane.     In  this  secooil 
vessel  is  placed  acidulated  water,  vith 
Fif.  MO.-B.U.  »d  lutM^  lu  on*         *  Cylinder  of  zinc  suspended  in  it 
The   mould   is   placed   in   tbe  oukr 
vessel  under  the  bottom  of  the  porous  cylinder,  and  is  connected  iritl. 
the  zinc  by  a  stout  wire  which  completes  the  circuit     The  arrange- 
ment is  evidently  equivalent  to  a  Daniell's  cell.     The  current  passes 
through  the  liquids  from  the  zinc  to  tbe  mould,  electrolyring  the 
solution  of  sulphate  of  copper ;  and  as  the  metal  travels  with  tbr 
current,  it  is  deposited  on  the  surface  of  the  mould     Tbe  strengtb 
of  the  solution  is  kept  up  by  suspending  in  it  crystals  of  sulphate  rf 
copper  contained  in  a  vessel  pierced  with  bolea 

607.  Appliostians  of  Eleotrotype. — One  of  the  commonest  applin- 
tions  of  electrotype  is  to  the  production  of  copies  of  wood  engravings 
The  original  blocks,  as  they  leave  the  hand  of  the  engraver,  could  not 
yield  a  large  number  of  impressions  without  being  materially  injureJ 
by  wear.  When  many  impressions  are  required,  they  are  not  taken 
directly  from  the  wood,  but  from  an  electrotype  taken  in  copper  from 
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a  gutta-percha  mould.  The  process  of  deposition  is  continued  only 
for  twenty-four  hours,  and  the  plate  of  copper  thus  obtained  is  very 
thin.  It  is  ctrengthened  by  filling  up  its  back  with  melted  type- 
metal  Such  plates  will  afford  about  80,000  impressions,  and  it  is 
from  them  that  nearly  all  the  illustrations  in  popular  works  are 
printed.  Postage  stamps,  which  must  be  exactly  alike  in  order  to 
prevent  counterfeits,  ore  also  printed  from  electrotypes;  and,  on 
a(x^ount  of  the  great  number  of  impressions  required,  the  electrotypes 
themselves  need  frequent  renewal;  but  the  operations  necessary  for 
i\iis  purpose  do  not  sensibly  injure  the  original 

Copperplate  engravings  and  even  daguerreotypes  can  be  very 
accurately  reproduced  in  copper.  No  preparation  of  the  surface  is 
necessary,  as  the  thin  film  of  oxide  which  is  present  is  quite  sufficient 
to  prevent  the  deposit  from  adhering  too  closely. 

Gasaliers  are  usually  of  cast-iron  coated  with  copper  by  electro- 
lysis. The  copper  is  not,  however,  deposited  on  the  surface  of  the 
iron,  as  the  contact  of  the  two  metals  would  greatly  promote  the 
oxidation  of  the  iron,  if  any  of  it  were  accidentally  exposed  to  the 
air.  The  iron  is  first  painted  over  with  red-lead,  which,  when  dry, 
is  covered  with  a  very  thin  layer  of  plumbago  to  render  it  conducfr 
ing;  and  it  is  on  this  that  the  copper  is  deposited. 
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608.  Indnoed  Carrents. — Induced  caireiita  tnaj  be  described  u 
currents  produced  in  conductors  by  the  influence  of  neighbotuiiig 
currents  or  magnets.  Their  discoveiy  by  Faraday  in  1831  con- 
stitutes au  epoch  in  the  history  of  electrical  science.  We  shall  fiist 
describe  some  modes  of  producing  tbem ;  and  then  state  their  general 
law& 

609.  OnrrentB  indneed  by  Oommenoement  end  CesBation  of  Cturenti, 
— Let  two  coils  be  wound  upon  the  same  frame  B,  one  of  tbem,  called 


tig.  041. — CmnDt  indDood  by  ConmuDflaiuiit  or  OiiiAtuni, 

the  secondary  coi],  having  its  ends  connected  with  the  binding-screvs 
of  the  galvanometer  G,  while  the  ends  of  the  other,  wbich  is  called 
the  primary  coil,  dip  in  two  cups  of  mercury  55*  connected  with  the 
two  plates  of  the  voltaic  element  P.  As  long  as  the  current  is  passing 
steadily  in  the  primary  coil,  the  needle  of  the  galvanometer  remaias 
undeflected ;  but  if  the  current  be  stopped,  by  lifting  a  wire  out  ot 
one  of  the  mercury  cups,  the  needle  is  immediately  deflected,  in- 
dicating the  existence  of  a  current  in  the  same  direction  as  that  wtiicb 
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was  previously  circulating  in  the  primary  coiL  This  effect  is  very 
tranrntory.  Tlie  needle  appears  to  receive  a  sudden  impulse  which 
immediately  passes  away.  If  the  current  be  thea  re-established, 
there  ia  a  deviation  to  the  other  side,  indicating  a  current  in  the 
opposite  direction  to  that  in  the  primary  coil ;  and  this  deviation, 
like  that  which  occurred  before,  is  merely  the  effect  of  an  instantan- 
eous impulse,  the  needle  making  a  few  oscillations  from  side  to  side, 
and  then  remaining  steadily  at  zero.  This  experiment,  which  is 
substantially  the  same  as  that  by  which  Faraday  first  made  the  dis- 
covery, establishes  the  following  proposition : — When  a  current  begins 
lojlow,  it  induces  an  inverse  cur^-ent  in  a  neighbouring  conductor; 
when  it  ceases,  it  induces  a  direct  current;  and  both  the  currents 
thus  induced  are  merely  instantaneous. 

610.  CorrentB  induced  by  Variations  of  Strength  of  Primary  Current. 
—Employing  the  same  apparatus,  let  us,  while  the  primary  current 


ia  passing,  connect  the  two  mercury  cups  by  the  wire  d  (Fig.  542), 
thus  dividing  the  circuit  (§  547),  and  causing  a  great  diniinution  of 
the  current  in  the  primary  coil  At  the  instant  of  making  this  con- 
lection,  the  needle  of  the  galvanometer  is  affected,  moving  in  the 
lame  direction  as  if  the  primary  current  were  stopped ;  and  on  lilting 
be  connecting  wire  out  of  one  of  the  cups,  so  as  to  produce  a  sudden 
ncrease  in  the  current  in  the  primary  coil,  the  needle  moves  in  the 
pposite  direction.  When  a  current  receives  a  sudden  increase,  this 
■rodiLces  an  inverse  current  in  a  neighbouring  conductor;  and  when 
I  ■is  suddenly  decreased,  a  direct  current  is  induced, 

611.  CoirentB  induced  by  Variations  of  Distanoe. — Currents  may 
so  be  induced  by  change  of  distance  between  the  primary  and 
M3ondary  conductors.    Let  the  secondary  coil,  for  example,  be  hollow, 
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as  in  Fig.  543,  and  let  the  primary  coil,  with  the  current  pasunginit, 
be  suddenly  introduced  into  its  interior.  The  galvanometer  will 
indicate  the  production  of  an  inverse  current  in  the  secondary  coiL 


Fig.  MS.— Currmt  IndocMI  bj  Cbungs  of  IHUuu*. 

When  the  needle  has  come  to  rest,  let  the  primaiy  coil  be  witlidrawn, 

and  a  direct  current  will  be  indicated  by  the  galvanometer.    These 

currents  differ  from  those  previously  mentioned  in  being  less  suddet 

They  last  as  long  as  the  relative  motion  of  the  two  coils  continna 

When  a  conducto7'  conveying  a  cu.i~rent  approaches  or  ia  apirroauM 

by  a  neighbouring  conductor,  an  inverse  current  is  induced  in  ^i 

latter;   arid  when  one  of  these  condudm 

moves  away  from,  ike  other,  a  direct  atrmd 

is  inditced. 

613.   ICagrneto- electric    IndDction.— As  a 
current    may    be    regarded    as    a   magnet 
(tj  531  A),  and  a  magnet  may  be  r^rded  u 
a  system  of  currents  (§  665),  induction  can 
be  effected  by  a  magnet  as  well  as  by  > 
coiL 
\        Let  a  hollow  coil  be  connected  with  a  gal- 
vanometer, and  a  magnet  held  over  it,  as  in 
Fig,  544,     As  long  as  the  magnet  remains 
I'ig. M4.— cumni indnwd  hj      stationary,    no    current    is    indicated;   but 
when  one  pole  of  the  magnet  is  tbrost  iiit<> 
the  interior  of  the  coil,  the  needle  is  deflected  by  an  impulse  whirh 
lasts  only  as  long  as  the  motion  of  the  magnet     If  the  magnet  is 
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alloved  to  remain  at  rest  in  this  position,  the  Deedle,  as  soon  as  it 
has  Ume  to  recover  from  its  oscillatdons,  stands  at  zero ;  bat  on  with- 
dmwing  the  magnet,  another  current  will  be  indicated  in  the  opposite 
direction  to  the  former. 

Cuirents  may  also  be  induced,  with  even  more  striking  effect,  by 
moTiDg  one  pole  of  a  magnet  towards  or  from  one  end  of  a  soft-iron 
bar  previously  placed  in  the  interior  of  the  coil  (Fig.  545).     These 


fc 


■\- 


Fiff,  Mi. — Ciunmt  iDduoed  by  Uftgnetiationof  Soft  Iron. 

earreata  are  due  to  the  magnetism  produced  and  destroyed  in  the 
Boft  iron.  When  the  intejisity  of  magnetization  of  a  piece  of  iron 
or  s^eel  undergoes  changee,  currents  are  induced  i/n  neighbouring 
amductora.  The  directions  of  these  currents  can  be  inferred  from 
tfie  preceding  rules  by  supposing  a  solenoid  to  be  substituted  for  the 
nu^et. 

613,  Iiens'B  Law. — The  cwrrents  induced  by  the  relative  movefment 
either  of  ttvo  circuits  or  of  a  circuit  and  a  magnet  are  altvays  in 
»uch  directiona  as  to  jnvduce  mechanical  forces  tending  to  oppose 
the  Tnovemetit.  For  example,  when  two  parallel  wires,  through  one 
if  which  a  current  is  passing,  are  made  to  approach,  an  opposite 
.iirrent  is  induced  in  the  other ;  and  opposite  currents  by  their  mutual 
'epulaion  resist  approach.  This  general  law  as  to  the  direction  of 
adaced  currents  was  first  distinctly  enunciated  by  Lenz,  a  Russian 
ihilosopher. 

613a.  IHreotion  of  Induced  Onrrents  specified  by  Reference  to  Lines 
r  Ha^netic  Porce. — We  have  already  mentioned,  in  connection  with 
le  matun-l    forces  between  magnets  and  currents  (§  531  b),  that  a 
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wire  oonveyiDg  a  current   experiences   force    perpendicnlaT  to  its 
length,  and  at  the  same  time  perpendicular  to  the  lines  of  magnetic 
force,  when  placed  in  a  magnetic  field.     We  have  seen  that,  if  the 
current  is  from  foot  to  head,  and  the  lines  of  force  (for  an  anstral 
pole)  run  from  front  to  back,  the  force  experienced  by  the  wire  is  a 
force  to  the  right.     Motion  of  the  wire  to  the  right  will  diminish 
this  force  by  diminishing  the  current,  motion  to  the  left  will  increase 
it  by  increasing  the  current,  and  the  amount  of  increase  or  diminu- 
tion is  quite  independent  of  the  original  amount  of  current    Let  the 
direction  of  the  lines  of  magnetic  force  for  an  austral  pole  be  called 
from  front  to  hack;  then  the  motion  of  a  conductor  to  the  right  gene- 
rates a  current  in  it  from  head  to  foot,  and  motion  in  the  opposite 
direction  generates  an  opposite  current.      We  shall  have  frequent 
occasion  to  recur  to  this  criterion  of  direction,  which  applies  to  every 
case  of  induced  currents. 

As  the  generation  of  currents  by  induction  depends  not  on  absolute 
but  on  relative  motion,  namely  the  relative  motion  of  the  conductor 
and  the  lines  of  magnetic  force,  the  criterion  of  direction  will  take 
the  following  form  when  the  conductor  is  supposed  to  be  stationary, 
and  the  lines  of  force  to  move.^  Let  the  direction  of  the  lines  of 
magnetic  force  for  an  austral  pole  be  called  from,  front  to  back,  then 
if  the  lines  of  force  move  so  as  to  cut  through  the  conductor  frm 
right  to  left,  a  current  will  be  iriduced  i/n  the  conductor  from  head 
to  foot 

If  the  conductor  forms  part  of  a  closed  circuit,  we  shall  have  a 
continuous  current  flowing  through  it  as  long  as  the  motion  lastsL 
If  the  circuit  is  open,  there  will  merely  be  an  incipient  cuirent, 
which,  if  its  direction  be  from  head  to  foot,  will  reduce  the  end  of  the 
conductor  which  we  are  regarding  as  its  foot  to  a  higher  electrical 
potential  than  the  other,  and  this  difference  of  potential  will  be 
maintained  as  long  as  the  motion  lasts. 

618  B.  Quantitative  Statements. — In  order  to  state  the  quantitative 
laws  of  induced  currents  in  the  simplest  and  most  general  manner, 
we  must  employ  the  conception  of  tubes  of  force  as  explained  in 
§  445  G  (but  they  will  now  be  tubes  not  of  electrical  but  of  magnetic 
force),  and  we  must  suppose  them  to  be  arranged  in  the  equable 
manner  described  in  §  445  H.     That  is  to  say,  we  must  suppose  the 


^  It  may  be  noted  that  when  a  bar-magnet  .is  rotated  on  its  axis,  it  indnoes  no  cnncst 
in  a  neighbouring  wire,  inasmuch  as  its  lines  of  force  cut  such  a  wire  oooe  positiTely  and 
ODoe  negatiYely. 
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whole  field  cut  up  into  tubes  of  force  in  such  a  manner  that,  if  a 
cross-section  (an  equipotential  surface  as  regards  magnetic  potential) 
be  made  in  any  part  of  the  field,  the  number  of  tubes  per  unit  of 
sectional  area  is  equal  to  the  intensity  in  that  part  of  the  field.  It 
is  more  usual  to  speak  of  number  of  lines  of  force  than  of  number 
of  tubes,  the  convention  being  that  each  tube  contains  one  line;  but 
the  counting  of  tubes  rather  than  lines  has  the  advantage  of  naturally 
allowing  fractional  parts  to  be  reckoned,  and  not  suggesting  the  idea 
of  discontinuity. 

The  tubes  of  force  due  to  a  magnet  are  to  be  regarded  as  rigidly 
attached  to  the  magnet,  and  carried  with  it  in  all  its  movements, 
whether  of  translation  or  rotation.  They  undergo  no  change  of  size 
or  form  unless  the  magnet  itself  undergoes  changes  in  its  magneti- 
zation. 

These  conceptions  being  premised,  the  quantitative  laws  of  induced 
currents  can  be  stated  with  great  simplicity  and  complete  generality. 

1.  When  a  conductor  is  moved  in  a  magnetic  field,  the  electro- 
motive FORCE  generated  by  the  motion  is  equal  to  the  number  of 
tubes  which  the  conductor  cuts  through  per  unit  time. 

2.  If  the  conductor  forms  part  of  a  closed  circuit,  the  CURRENT 
generated  in  the  circuit  is  the  quotient  of  the  number  of  tubes  cut 
through  per  unit  time,  by  the  resistance  of  the  circuit ;  and,  lastly, 

3.  The  whole  quantity  of  electricity  conveyed  by  the  current  is 
the  quotient  of  the  number  of  tubes  cut  through,  by  the  resistance  of 
the  circuit.     The  quantity  of  electricity  conveyed  by  a  current  of 
brief  duration  is  measured  by  observing  the  swing  of  a  galvanometer 
needle.     It  is  proportional  to  the  greatest  deviation  of  the  needle 
from  zero,  provided  that  this  deviation  is  small,  and  that  the  dura- 
tion of  the  current  is  less  than  that  of  the  swing.  When  experiments 
on  induced  currents  are  made  under  these  conditions,  it  is  found  that 
the  deviation  of  the  needle  is  not  sensibly  increased  by  moving  the 
inducing  magnet  or  coil  more  rapidly,  as  long  as  the  ground  moved 
3ver  is  the  same. 

The  dependence  of  the  quantity  of  electricity  induced  upon  the 
lumber  of  tubes  cut  through,  was  discovered  by  Faraday,  who  estab- 
isbed  it  experimentally  by  moving  a  loop  of  wire  in  various  ways 
a  the  vicinity  of  a  magnet.  The  three  foregoing  laws  were  aU,  in 
act,  substantially  established  by  the  series  of  researches  in  which 
hese  experiments  occur.^ 

^  Reiearchea,  yol.  iii.  series  zztuL 
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In  counting  the  tubes  cut  through,  it  is  necessary  to  attend  to  the 
direction  of  the  current  due  to  the  cutting  of  each  tuba  Those  tubes 
which  are  so  cut  as  to  give  currents  in  one  direction  round  the 
circuit  (when  tested  by  the  criterion  of  §  61 3  A)  must  have  one  sign 
given  them,  and  those  which  give  currents  in  the  opposite  direction 
must  be  reckoned  as  of  the  opposite  sign.  It  is  in  every  case  the 
algebraic  sum  that  is  to  be  taken ;  and  if  a  tube  is  cut  once  positively 
and  once  negatively,  it  may  be  left  out  of  the  reckoning. 

618  c.  Belation  of  Induced  Current  to  Work  done. — ^The  direction 
of  the  force  experienced  by  any  straight  portion  of  a  circuit  cod- 
veying  a  current  in  a  uniform  field,  is  perpendicular  at  once  to  iU 
own  length  and  to  the  lines  of  force.  If  L  be  its  length,  a  its 
inclination  to  the  lines  of  force,  C  the  current  flowing  through  it, 
and  I  the  intensity  of  the  field,  the  magnitude  of  the  force  will  be 
CIL  sin  a,  and  the  work  done  in  any  movement  of  translation 
will  be  the  product  of  this  force  by  that  component  of  the  distance 
moved  which  lies  in  the  direction  of  the  force.  All  this  may  be  more 
concisely  expressed  by  saying  that  the  work  done  by  magnetic  force 
is  the  product  of  C  by  the  number  of  tubes  of  force  which  the  wire 
cuts  through  in  its  motion,  any  tubes  which  are  cut  in  a  direction 
opposed  to  that  of  the  force  which  the  wire  experiences,  being  counted 
negatively.  When  a  closed  circuit  conveying  a  current  is  moved  in 
any  magnetic  field,  the  work  done  upon  it  by  magnetic  force  w  ik 
product  of  the  strength  of  current  by  the  algebraic  number  of  fuids 
cut  through. 

Comparing  this  law  with  the  first  of  the  three  laws  given  in  the 
preceding  section,  we  see  that  the  work  done  per  unit  time  is  the 
product  of  the  actual  current  and  the  induced  electro-motive  force. 
The  original  current  is  increased  or  diminished  by  the  motion. 
according  as  work  is  done  agai/nst  or  by  the  magnetic  forces  of  the 
field. 

This  result  can  be  shown  to  be  in  harmony  with  Joules  law 
(§  571),  according  to  which  the  energy-value  of  a  current^  for  each 
unit  of  time  that  it  lasts,  is  the  product  of  the  current  by  the  dectro- 
motive  force  producing  it  For,  if  C  and  E  denote  the  actual  amounts 
of  current  and  electro-motive  force,  and  C^E^  the  values  which  these 
elements  would  have  if  there  were  no  motion,  the  energy  required 
from  without  to  produce  the  motion  is,  by  the  law  we  are  now 
stating,  C(E  — E^),  and  the  energy  represented  by  the  additional 
consumption  of  zinc  in  the  battery  is  (C— Co)Eq,  since,  with  a  given 
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number  of  cells,  the  zinc  consumed  is  simply  proportional  to  the 
current  The  sum  of  these  two  expressions  is  CE  —  C^E^;  which,  by 
Joule's  law,  represents  the  increase  in  current  energy. 

When  there  is  no  current  in  the  circuit  except  the  induced  cur- 
rent, work  must  always  be  done  against  the  forces  of  the  field  to  an 
amount  precisely  equal  to  CE,  the  energy-value  of  the  current 

613d.  Hovement  of  Lines  of  Force  with  Change  of  Magnetization. 
—As  long  as  a  piece  of  iron  or  steel  remains  unchanged  in  its  mag- 
netization, its  tubes  of  force  are  to  be  conceived  of  as  a  rigid  system 
rigidly  connected  with  it     When  the  intensity  of  magnetization  is 
increased,  new  tubes  are  added  and  the  old  ones  are  crushed  together. 
The  new  tubes  are  to  bo  regarded  as  coming  into  existence  at  the 
ms^etic  axis  of  the  magnet,  and  pushing  the  old  ones  further  away 
from  the  axis.     When  the  intensity  of  magnetization  falls  ofiT,  a 
reverse  motion  occurs,  and  the  axis  absorbs  those  tubes  which  lie 
next  it. 

Similar  remarks  apply  to  changes  of  strength  in  a  current  The 
lines  of  magnetic  force  due  to  a  current  in  a  wire  are  circles,  and  the 
tubes  of  force  are  rings,  having  the  wire  for  their  common  axis. 
When  the  current  receives  an  increase  of  strength,  the  new  rings 
must  all  be  conceived  of  as  starting  from  the  wire,  and  pushing  out 
the  old  rings  before  them,  and  on  the  diminution  or  cessation  of  the 
current  a  reverse  movement  occurs. 

When  a  current  suddenly  commences  in  a  wire,  or  a  piece  of  soft 
iron  is  suddenly  magnetized,  a  neighbouring  wire  is  cut  through  by 
as  many  tubes  of  force,  and  subjected  to  the  same  inductive  influence, 
as  if  it  Tvere  suddenly  moved  up  from  a  great  distance  into  its  actual 
position.  The  experimental  results  described  in  §  609-612  are  thus 
only  particular  cases  of  the  general  principles  of  §  613  a,  b. 

613b.  Motion  in  Uniform  Field. — If  we  define  a  uniform  magnetic 
field  as  a  field  of  uniform  intensity,  it  can  be  shown  to  follow,  as  a 
mathematical  consequence,  that  the  equipotential  surfaces  must  be 
parallel  planes,  and  the  lines  of  force  parallel  straight  lines.  The 
tubes  of  force  will,  of  course,  be  of  uniform  section,  and  the  number 
of  tubes  per  unit  of  cross-section  will  be  equal  to  I,  the  intensity  of 
the  field.  The  electro-motive  force  generated  by  the  motion  of  a 
straight  wiro  of  length  L  in  such  a  field,  with  a  velocity  of  translation 
V,  being  equal  to  the  number  of  tubes  cut  through  in  unit  time,  will 
be  LV  I,  if  the  length  of  the  wire  and  the  direction  of  motion  are 
[)erpendicular  to  each  other  and  to  the  lines  of  force.    For  any  other 
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position  of  the  wire,  and  for  any  other  direction  of  motion,  the 
number  of  tubes  cut  through  will  evidently  be  lesa  K  the  length 
of  the  wire  is  parallel  to  the  lines  of  force,  no  tubes  will  be  cat 
through,  whatever  be  the  direction  of  motion ;  and  if  the  direction  of 
motion  be  parallel  to  the  lines  of  force,  no  tubes  will  be  cut  through, 
whatever  be  the  position  of  the  wire.  In  these  two  cases,  then, 
there  is  no  generation  of  electro-motive  force  tending  to  prodaoe  a 
current  along  the  wira 

Terrestrial  magnetism  furnishes  us  with  an  example  of  a  uniform 
field,  so  long  as  we  confine  our  attention  to  a  space  of  moderate 
dimensions,  such  as  the  interior  of  a  room. 

6187.  Unit  of  Besistance. — Units  of  length,  Tnass,  and  timey  having 
been  selected,  unit  force  is  defined  as  that  which,  acting  on  unit  mass 
for  unit  time,  generates  unit  velocity. 

A  magnetic  pole  of  unit  strength,  or  a  unit  pole,  is  defined  as  that 
which  attracts  or  repels  an  equal  pole  at  unit  distance  with  unit 
force. 

Unit  intensity  of  field  is  defined  as  the  intensity  at  a  place  where 
a  unit  pole  experiences  unit  force. 

A  unit  currenty  or  a  current  of  unit  strength,  is  one  which,  for 
each  unit  of  its  length,  afiects  a  unit  pole  at  unit  distance  with  unit 
force.  In  ])assing  through  a  circular  coil  of  unit  radios  and  length  I, 
the  force  which  it  exerts  on  a  unit  pole  at  the  centre  is  L 

Unit  electro^notive  force  is  the  electro-motive  force  existing  in  a 
circuit  in  which  unit  current  does  unit  work  in  each  unit  of  time; 
and  unit  resistance  is  the  resistance  of  a  circuit  in  which  unit  electro- 
motive force  would  produce  unit  current 

The  course  of  the  above  investigation  shows  that  the  units  of 
length,  mass,  and  time  are  sufficient  to  determine  all  the  other  unite 
mentioned.  It  can  further  be  shown^  that  the  unit  of  resistance  is 
independent  of  the  unit  of  mass,  and  depends  only  on  the  units  of 
length  and  time,  being  directly  as  the  unit  of  length,  and  inversely 
as  the  unit  of  time — a  property  which  is  also  characteristic  of  the 
unit  of  velocity.  Hence  a  resistance^  like  a  velocity,  can  be  ade- 
quately expressed  in  metres  per  second.  The  unit  of  resistance  now 
commonly  employed  is  the  ohm,  which  is  defined  as  ten  miUion 
metres  per  second.  The  resistance  of  an  ordinary  Daniell's  cell  is 
about  half  an  ohm.  The  resistance  of  a  mile  of  submanne  telegraj^ 
cable  is  from  4  to  12  ohms. 

^  See  appendix  at  the  end  of  this  chapter. 
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614.  Induction  by  means  of  Terrestrial  Magnetism. — If  a  wire  ring, 
or  any  other  form  of  closed  circuit,  receives  a  movement  of  transla- 
tion in  a  uniform  field,  no  current  is  generated,  because  the  same 
number  of  force-tubes  are  cut  negatively  as  positively.     Whatever 
canents  are  generated  by  the  motion  of  a  closed  circuit  in  the  terres- 
trial magnetic  field,  must  therefore  be  due  solely  to  rotational  move- 
ments.   Suppose  the  circuit  to  consist  of  a  single  circle  of  wire,  and 
let  it  he  initially  placed  so  that  its  plane  is  perpendicular  to  the 
dipping-needle,  and  therefore  perpendicular  to  the  lines  of  magnetic 
force.    In  this  position,  the  number  of  force-tubes  wliich  it  incloses 
is  equal  to  the  product  of  the  inclosed  area  by  the  total  intensity  of 
terrestrial  magnetic  force,  that  is  to  irr^I,  I  denoting  this  intensity, 
and  r  the  radius  of  the  circle.     Now  let  the  ring  rotate  through  ISC' 
about  any  diameter,  so  that  it  comes  back  into  its  original  place,  but 
facing  the  opposite  way.     During  this  semi-revolution,  each  half  of 
the  ring  has  cut  through  all  the  tubes  which  passed  through  the  ring, 
and  though  in  one  sense  the  two  halves  have  been  cutting  the  tubes 
in  opposite  directions,  the  application  of  the  criterion  of  §  613  b  shows 
that  the  resulting  currents  are  in  the  same  direction  round  the  circuit. 
The  number  of  tubes  cut  through  is  therefore  to  be  reckoned  as  2irr^I, 
and  the  quotient  of  this  by  the  time  occupied  in  a  semi-revolution 
is  the  average  electro-motive  force  (§  613  e).      If  the  rotation  be 
uniform,  the  actual  electro-motive  force  is  greatest  in  the  middle  of 
the  semi-revolution,  and  is  zero  at  its  commencement  and  termina- 
tion.     During  the  other  half-revolution  the  circumstances  are  pre- 
cisely the  same,  except  that  the  two  halves  of  the  ring  have  changed 
places.     If  we  compare  the  currents  in  two  positions  of  the  ring 
which  differ  by  180**,  we  see  that  the  current  round  the  ring  has  the 
same  direction  in  space,  but  opposite  directions  as  regards  the  ring 
itself. 

If,  instead  of  a  single  ring  of  wire,  we  have  a  circular  coil  consist- 
ing of  any  number  of  convolutions,  with  its  two  ends  united,  the 
same  principles  apply.  If  there  are  n  convolutions,  the  electro- 
motive force  will  be  n  times  greater  than  with  one,  but  as  the  resist- 
ance is  also  n  times  greater  the  strength  of  current  is  the  sama 

In  the  apparatus  called  Ddezenne's  Circle,  a  coil  of  wire  revolves 
about  a  diameter,  but  the  two  ends  of  the  coil,  instead  of  being 
directly  united,  are  so  connected  with  the  two  ends  of  the  axis  of 
rotation  that  the  circuit  is  completed  through  a  galvanometer.  On 
rotating  the  coil  rapidly  by  means  of  a  handle  provided  for  the 
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purpose,  a  current  is  indicated  by  the  galTanometer,  and  this  current 
is  found  to  be  strongest  (for  a  given  rate  of  rotation)  when  the  axis 
is  perpendicular  to  the  dipping-needle.     If  the  axis  is  inclined  at  an 
angle  0  to  the  dipping-needle,  the  current  is  propoi-tional  to  sin  0;  and 
if  the  axis  is  parallel  to  the  dipping-needle  there  is  no  current  at  alL 
For  a  given  position  of  the  axis,  the  current  varies  directly  as  the 
speed  of  rotation.     When  the  time  of  a  revolution  is  only  a  small 
fraction  of  the  time  in  which  the  needle  would  oscillate,  the  varia- 
tions of  electro-motive  force,  and  consequently  of  current,  which  take 
place  during  a  revolution,  have  not  time  to  manifest  themselves,  and 
the  deflection  of  the  needle  is  that  due  to  the  average  current    It  is 
necessary,  however,  that  a  commutator  be  employed  to  prevent  the 
reversal  of  the  current  at  each  half-revolution.     The  proportionality 
of  the  cun-ent  to  sin  0  is  easily  inferred  from  the  principles  of  the 
foregoing'  sections ;  for  if  the  plane  of  a  circle,  instead  of  being  per- 
pendicular to  the  lines  of  force,  is  inclined  to  them  at  an  angle  B, 
the  number  of  force- tubes  which  it  incloses  will  be  not  »r^I,  but 
irr^I  sin  ft 

614  a.  British  Association  Experiment. — The  experiments  npon 
which  the  present  standards  of  resistance  depend  for  their  authority, 
were  conducted  by  a  committee  of  the  British  Association  in  1862. 
A  circular  coil  of  wire,  with  its  ends  joined,  was  made  to  revolve 
rapidly,  at  a  measured  rate,  about  a  vertical  axis;  and  the  cuirent 
induced  was  measured  by  the  deflection  of  a  magnetized  needle  sus- 
pended, within  a  glass  case,  in  the  centre  of  the  coiL  The  part  of 
the  earth's  magnetic  force  which  comes  into  play  in  this  arrangement, 
is  only  the  horizontal  component,  or  I  cos  i,  d  denoting  the  dip;  and 
it  is  worthy  of  remark  that  variations  in  the  horizontal  intensity  do 
not  alter  the  deflection  of  the  needle,  since  they  affect  to  the  same 
extent  the  amount  of  the  induced  current,  and  the  terrestrial  couple 
on  the  needle  tending  to  resist  deflection. 

All  the  other  elements  involved  were  determined  by  observation, 
and  hence  the  value  of  R  in  metres  per  second  was  calculated  By 
comparing  the  resistances  of  other  coils  with  that  of  the  coil  used  in 
this  experiment  (a  comparison  easily  made  by  ordinary  methods), 
their  values  in  metres  per  second  were  at  once  determined ;  and  it 
was  easy  to  construct  a  resistance-coil  of  ten  million  metres  per  second, 
or  any  other  desired  amount  of  resistance.  Standard  resistance-coils 
are  usually  made  of  Qerman  silver ;  this  material  being  selected  on 
account  of  the  smallness  of  its  temperature  correction.    All  metals 
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have  their  resistances  increased  by  heat,  and  a  standard  coil  can 
therefore  only  be  correct  at  one  particular  temperature. 

615.  Indnetion  of  a  Current  on  Itself:  Extra  Current. — If  two  por- 
tioDS  of  the  same  wire  are  side  by  side,  the  sudden  commencement 
or  cessation  of  a  current  in  one,  induces  a  current  in  the  other,  just 
as  it  they  were  portions  of  two  unconnected  circuits.  An  action  of 
this  kind  occurs  whenever  a  current  commences  or  ceases  in  a  coil, 
each  convolution  exercising  an  inductive  influence  on  the  rest.  This 
action  is  called  the  vnduction  of  a  current  upon  itself,  and  the  cur- 
rent dae  to  it  is  called  an  extra  current. 

The  extra  current  on  the  commencement  of  the  primary  current  is 

inverse,  and  merely  acts  as  a  hindrance  to  commencement;  but  the 

extra  current  on  the  stoppage  of  the  primary  current  is  direct,  and 

is  often  a  strongly-marked  phenomenon.      Hence  it  is  that,  with 

batteries  of  ordinary  power,  a  spark  is  obtained  on  breaking,  but  not 

on  making  connection.     The  spark  is  particularly  brilliant  when  a 

coil  of  many  convolutions  is  included  in  the  circuit,  and  especially  if 

this  coil  incloses  a  core  of  soft  iron.    If  an  observer  holds  in  his  hands 

two  metallic  handles  permanently  connected  with  the  two  ends  of 

snch  a  coil,  and  if  the  circuit  of  the  battery  is  alternately  made 

and  broken,  he  will   receive  a  shock  from   the  extra  current  at 

each  interruption.     If  the  interruptions  succeed  each  other  rapidly, 

the  physiological  effect  may  become  very  intense.      Many  of  the 

machines  employed  for  medical  purposes  are  constructed  on  this 

plan. 

Special  contrivances  are  provided  for  producing  a  rapid  succession 
of  interruptions  at  regular  intervals.  They  are  called  rheotomea  or 
xmtact'breakers.  Sometimes  they  consist  of  toothed  wheels  turned 
yy  hand, — sometimes  of  vibrating  armatures  moved  automatically. 

616.  Bahmkorffs  Induction-coil. — Induced  currents  capable  of  pro- 
lucing  very  striking  effects  are  furnished  by  ihe  apparatus  first 
accessfaUy  constructed  by  Buhmkorff,  and  hence  known  as  Buhm- 
orff's  coil. 

It  contains  two  coils  of  wire,  one  of  them  forming  part  of  the 
rcuit  of  a  battery,  and  called  the  primary  coil ;  while  in  the  other, 
JJed  the  secondary  coil,  the  induced  currents  are  generated  In  the 
lis  of  the  coils  is  a  bundle  of  stout  straight  wires  of  soft  iron,  with 
disc  of  the  same  material  at  each  end,  to  which  the  wires  are 
lited.  Around  this  core  is  wound  the  primary  coil,  consisting  of 
X)pper  wire  about  two  millimetres  in  diameter.     The  ends  of  this 
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wire  are  shown  at  /  and  /'.  The  secondary  coil  consists  of  moeh 
finer  wire  (about  a  quarter  of  a  millimetre  in  diameter)  and  of  much 
greater  length.  In  large  instruments  the  primary  coil  may  buve  a 
length  of  80  metres,  and  the  secondary  a  length  of  160  kilometres 
(94<  miles).  Special  precautions  must  be  taken  to  insulate  the  dif- 
ferent convolutions  of  the  secondary  coil  from  one  another,  and  from 
the  primary  coil.  Tlie  two  ends  of  tlie  secondary  wire  are  at  the 
binding-screws  A,  B,  which  are  supported  on  glivss  pillara  It  is 
obvious  that  if  currents  are  alternately  passed  and  stopped  in  the 
primary  coil,  there  will  be  an  alternate  generation  of  currents  (ot  at 
all  events  of  electro-motive  forces)  in  opposite  directions  in  the 
secondary  coil  The  action  of  the  core  is  dmilar  to  that  of  the  soft- 
iron  bar  in  Fig.  515,  and  its  inductive  effect  in  always  in  the  same 
direction  as  that  of  the  primary  coil,  for  the  primary  coil  may  iteeW 
be  regarded  as  a  temporary  magnet  with  its  poles  turned  the  same 
way  as  those  of  the  cora 

The  successive  makes  and  breaks  are  effected  automatically  in 
various  ways.  In  small  instruments  the  arrangement  adopted  is 
usually  the  same  as  that  of  the  vibrating  alarum  described  in  §  587; 


but  for  large  instruments  Foucault's  contact-breaker    is   preferred 
It  is  represented  in  its  place  in  Fig.  547. 

The  wires  from  the  battery  are  attached  at  b  and  6'.  The  curren' 
entering  for  example  at  b,  passes  to  the  commutator  C.  and  tlieno 
through  a  brass  bar  let  into  the  table,  to  the  end  /of  the  piimai 
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caiL  Havitig  traverBed  this  coil,  it  con 
to  &  vertical  pillar,  carrying  at  its  upp 
transverse  lever  L  ia  attached  One  ei 
vhich  just  dips  in  the  mercury  of  the  ' 
is  metallic,  and  is  in  communication  v 
lever  carries  a  email  armature  of  soft  t 
core. 

When  the  cuTrent  passes,  the  co 
attracts  this  armature,  thus  lifting  the 
lever  out  of  the  mercury  and  breaking 
demagnetized,  the  elasticity  of  the  spr 
tbe  point  again  dips  in  the  mercury, . 
thin  layer  of  absolute  alcohol  is  usual!] 
mercury,  imd  serves,  by  its  eminent 
non-conducting  power,  to  make  the 
iatermptions  and  renewals  of  the  cur- 
rent more  sudden. 

The  commutator  C  is  a  frequent 
appendage  to  electrical  apparatus,  its 
office  being  to  atop  the  current  from 
passing,  or  to  make  it  pass  in  either 
direction  at  pleasure.  As  fitted  to 
Rnhmkorff's  coil,  it  has  usually  the 
form  represented  in  end  view  and 
bird's-eye  view  in  the  two  parts  of 
Fig.  548.  There  is  a  cylinder  of  in- 
sulating material  turning  by  means  of 
metallic  axle-ends  on  insulating  sup- 
ports. One  of  the  axle-ends  ia  con- 
nected by  means  of  the  screw  g  with 
ibe  btuBs  plate  C  on  tbe  surface  of  the 
^Under.  A  similar  plate  C  on  the 
^^>osite  side  is  in  like  manner  per- 
ittnently  connected  with  the  other 
Kle-end  by  the  screw  g'.  These  two 
iktes  CC  leave  between  them  a  conai 
mg  Bur&ce  of  the  cylinder  uncovered 
in  Fig.  548,  the  two  binding-screws  A 
ith  the  two  axle-ends.  If  the  com 
lied  bead)  through  180°,  these  connei 
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if  it  were  turned  through  90^  the  coDuections  would  be  mterrapted, 
as  the  contact-springs  //'  would  bear  against  the  uncovered  portioos 
of  the  insulating  cylinder.  The  milled  head  is  of  course  msukted 
from  the  axle-ends  so  as  to  protect  the  operator. 

617.  Spark  from  Induction  Coil. — When  the  ends  of  the  secondaij 
coil  are  connected,  currents  traverse  it  alternately  in  opposite  direc- 
tions, as  the  primary  circuit  is  made  and  broken.  These  opposite 
currents  convey  equal  quantities  of  electricity,  and  if  they  are  em- 
ployed for  decomposing  water  in  a  voltameter,  the  same  proportion 
of  oxygen  and  hydrogen  are  collected  at  both  electrodes.  If,  how- 
ever, the  ends  are  disconnected,  so  that  only  disruptive  dischai^  can 
occur  between  them,  the  inverse  current,  on  account  of  its  lower 
electro-motive  force,  is  unable  to  overcome  the  intervening  resistance, 
and  only  the  direct  current  passes  (that  is,  the  current  prodaced  by 
breaking  the  primary  circuit).  The  sparks  are  from  an  inch  to  about 
18  inches  long,  according  to  the  size  and  power  of  the  apparatus,  and 
exhibit  effects  comparable  to  those  obtained  by  electrical  machines. 
A  Leyden  battery  may  be  charged,  glass  pierced,  or  combustible 
bodies  inflamed. 

The  great  electro-motive  force  of  the  induced  current^  which  enables 
it  to  produce  these  striking  effects,  depends  on  the  great  number  of 
convolutions  of  the  secondary  coil,  and  on  the  suddennes 
of  the  interruptions  of  the  primary  current.  The  quantity 
of  electricity  which  passes  through  the  secondary  cc-ii 
depends  on  the  product  of  the  number  of  convolutions  by 
the  number  of  tubes  of  force  which  cut  through  them 
(§  61 3  f),  and  is  the  same  whether  the  cessation  be  sudden 
or  gradual ;  but  the  electro-motive  force  varies  inversely 
as  the  time  occupied. 

The  discharges  from  a  Buhmkorff's  ooil  become  noTe 
violent  and  detonating  if  the  two  electrodes  are  co& 
nected  respectively  with  the  two  coatings  of  a  Leyden 
jar  or  other  condenser.  An  apparatus  consisting  of  no- 
merous  sheets  of  tin-foil  separated  by  oiled  silk  (alternate 
sheets  of  foil  being  connected)  is  frequently  employed 
for  this  purpose,  and  is  placed  beneath  the  instrument 

StathamVFu»e.    SO  aS  to  bo  OUt  of  sighi 

Induction  coils  are  often  used  for  firing  mines,  by  means 
of  Statham*s  fuse,  which  is  represented  in  the  annexed  figure  (Rg.  549), 
Two  copper  wires  covered  with  guttarpercha  have  their  ends  sepa- 


Fig.  549. 
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rated  by  a  space  of  a  few  miliimetree,  and  inclosed  in  a  little  cylinder 
of  gutta-percha  containing  sulphuret  of  copper.  This,  again,  is  inclosed 
ifl  a  cartridge,  C  D,  which  ia  filled  up  with  gunpowder.     The  two 
wires  are  connected  with  the  two  ends  of 
the  secondary  coil,  and  when  the  instru- 
ment is  set  in  action,  sparks  pass  between 
the  ends  A,  B,  heating  the  sulphuret  of  cop- 
per to  redness,  and  exploding  the  powder. 
618.  DiBcIiu-ge  in  Rarefied  OaBes.— When 
the  ends  of  the  secondary  coil  are  con- 
nected with  the  electrodes  of  the  electric 
egg  (Fig.  550),  which  has  fijBt  been  ex- 
httuirted  as  completely  as  possible  by  the 
air-pump,  a  luminous  sheat  of  purple  col- 
our, is  seen  extending  from  the  positive 
ball  to  within  a  little  distance  of  the  ne- 
gative baJl     The  latter  is  surrounded  by 
a  bJuish  glow.    The  blue  and  purple  lights 
are  separated  by  a  small  interval  of  dark- 
nesa     If  other  gases  are  used  instead  of 
air,  the  tints  change,  but  there  is  always  a 
decided  difference  of  tint  between  the  posi- 
tive and  negative  extremities.    By  the  aid 
of  the  commutator  it  is  easy  to  reverse  the 
current,  and  thus  produce  at  pleasure  an 
interchange  of  the  appearances  presented 
by  the  two  terminals. 

If,  before  exhausting,  we  introduce  into  t 
turpentine,  or  other  volatile  liquid,  the  lig 
bright  bands  alternating  with  dark  spaces. 
ieuta  these  stratifications  as  seen  in  vapour  o 
The  phenomenon  of  stratification  is  seen 
oDg  tubes  than  in  the  electric  egg ;  and  the 
ither  vapour  may  be  dispensed  with  if  the 
ujficiently  far,  as  in  the  tubes  constructed 
?hich  contain  various  gases  very  highly  i 
inum  wires  sealed  into  their  extremities 
'our  such  tubes  are  represented  in  Plate  I 
ich  as  uranium  glass,  and  solution  of  sulpl 
iminoos  in  the  presence  of  the  electric  light 


766  INDUCTION  OF  CDBRENTS. 

cent.  Such  Bubstaoces  are  often  iotroduced  into  Geiaaler^B  tabes,  Ssx 
the  sake  of  the  brilliant  effects  which  they  produca 

+  619.  Action  of  Hagsets  on  Cnrrents 

in  Barefled  Oases. — ^The  luminous  dls- 
chargea  in  Geissler's  tubes  are,  like 
the  voltaic  arc,  veritable  cuirents. 
They  are  capable  of  deflecting  a  mag- 
netized needle,  and  are  themselves 
acted  OD  by  magnets,  as  in  the  fol- 
lowing experiment.  A  soft-iron  rod 
(Fig.  551)  is  fitted  in  the  interior  (i 
a  glass  vessel  from  which  the  air  an 
be  exhausted,  and  ia  coated  with  an 
insulating  substance  to  prevent  dis- 
charge between  it  and  a  metallic  ring 
which  surrounds  It  near  its  lowsr  end. 
When  the  terminals  of  a  battery  are 
connected,  one  with  this  ring,  and  the 
other  with  the  upper  end  of  the  ap- 
paratus, aluminous  sheaf  ex  tends  from 
Fi«.  Ml.— Aotion  of  Higiuu  ou  ihs  the  Bummit  towards  the  wire  rii^, 
DiMhui*  ^^^  surrounds  the  soft  iron.   li,  whiie 

things  are  in  this  condition,  we  place  beneath  the  apparatus  one 
pole  either  of  a  permanent  magnet  or  an  electro-magnet,  the  soft-iioii 
rod  is  magnetized,  and  the  luminous  streaks  immediately  b^a  to 
revolve  round  it,  the  direction  of  rotation  being  always  in  accordance 
with  the  rule  of  §  531a 

620.  Magneto-aleotrio  Hachines. — Faraday's  discovery  of  the  in- 
duction of  currents  by  magnets,  was  speedily  utilized  in  the  constrac- 
tion  of  magneto-electric  machines,  which,  without  a  battery,  and  with 
no  other  stimulus  than  that  aJforded  by  the  presence  of  a  permanent 
magnet,  enable  the  operator,  by  the  expenditure  of  mechanical  wotl;. 
to  obtain  powerful  electrical  effects.  The  first  machine  of  this  kind 
was  constructed  in  1833  by  Pixii.  A  magnet  A  was  made  to  revolve 
close  to  a  double  coil  B  B',  in  which  a  current  was  thus  generated 
The  construction  was  improved  by  Saxton,  and  afterwards  by  CSarke. 
who  made  the  magnet  fixed,  and  caused  the  coil,  which  is  modt 
lighter,  to  rotate  in  front  of  it  Clarke's  machine  is  extremely  well 
known,  being  found  in  nearly  all  coUections  of  physical  appanttua 
631.   Clarke'B   Uacbine. — In   this  machine  there  is  a  compound 
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pinion,  and  with  it  the  coils,  can  be  made  to  revolve  rapidly.    The 

ends  of  the  wire  which  forms  the  two  coils  are  connected  respectively 

with  the  two  metallic  pieces  E,  E'  (Fig.  554),  which  are  mounted  on 

the  axis,  but  insulated  fitim 

it  and  from  each  other. 

Let  us  now  examine  the 
formation  of  the  currents.  The 
two  iron  cores,  with  thrar  con- 
necting iron  plate,  may  be  re- 
garded as  a  temporary  horse- 
shoe magnet,  whose  poles  are 
always  of  opposite  name  to 
those  of  the  steel  magnet  whldi 
are  respectively  nearest  to 
ru-  Mi-commnutor  =f  ciMrk.-.  Muhint  them.    The  intensity  of  mag- 

netization is  greatest  when  the 
soft-iron  magnet  is  horizontal,  vanishes  when  it  is  vertical,  and  b 
passing  through  the  vertical  position  undergoes  reversal.  If  we  call  one 
direction  of  magnetization  positive  and  the  opposite  direction  negative, 
the  strongest  positive  magnetization  corresponds  to  one  of  the  two 
horizontal  positions,  and  the  strongest  negative  to  the  other,  the 
two  positions  differing  by  180°.  While  the  ma^et,  then,  is  revolv- 
ing from  one  horizontal  position  to  the  other,  its  magnetizatioo  is 
changing  from  the  strongest  positive  to  the  strongest  negative,  and 
this  change  produces  a  current  in  one  definite  direction  in  the  sur- 
rounding coil  During  the  next  half-revolution  the  nkagnetizaiion 
is  again  gradually  reversed,  and  an  opposite  current  is  generated  in 
the  coiL  If  we  examine  the  direction  of  the  currents  due  to  the 
cutting  across  of  the  lines  of  force  of  the  permanent  magnet  hy  th« 
convolutions  of  the  coil,  we  shall  find  that  they  concur  with  those 
due  to  the  action  of  the  cores.  The  current  in  the  coils  circulates 
in  one  direction  as  long  as  the  electro-magnet  is  moving  from  one 
horizontal  position  to  the  other,  and  changes  its  direction  at 
the  instant  when  the  cores  come  opposite  the  poles  of  the  steel 
magnet. 

By  the  aid  of  the  commutator  represented  in  Fig.  554,  the  currents 
may  be  made  to  pass  always  in  the  same  direction  through  an 
external  circuit  r  and  r'  are  two  contact-springs  bearing  against 
the  two  metal  pieces  E,  E',  which  are  the  terming  of  the  coiL  At 
the  instant  when  the  current  in  the  coil  is  reversed,  these  springs 
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are  in  contact  with  intermediate  insulating  pieces  which  separate  the 
metallic  pieces  E,  E'.  When  the  current  in  the  coil  is  in  one  direc- 
tion (say  from  E  to  E'),  r  is  in  contact  with  E,  and  r'  with  E'.  When 
the  current  in  the  coil  is  in  the  opposite  direction  (E'  to  E),  r  is  in 
coniacfc  with  E',  and  r'  with  E ;  thus  in  each  case  r  is  the  positive 
and  r'  the  negative  spring,  and  the  current  will  be  from  r  to  r'  in  an 
external  connecting  wire.  00,  O'O',  are  metallic  pieces  insulated 
from  each  other,  and  connected  with  the  springs  r/  respectively. 
Binding-sci'ews  are  provided  for  attaching  wires  through  which  the 
current  is  to  be  passed 

With  this  machine  water  can  be  decomposed,  wire  heated  to  red- 
ness, or  soft  iron  magnetized;  but  these  effects  are  usually  on  a 
small  scale  on  account  of  the  small  dimensions  of  the  machine. 

For  giving  shocks,  two  wires  furnished  with  metallic  handles  are 
attached  to  the  binding-screws,  and  a  third  spring  is  employed  which 
pats  the  terminals  E  E'  in  direct  connection  with  each  other  twice  in 
each  revolution,  by  making  contact  with  two  plates  q.  When  these 
contacts  cease,  the  current  is  greatly  diminished  by  having  to  pass 
through  the  body  of  the  person  holding  the  handles,  and  the  extra- 
carrent  thus  induced  gives  the  shock.  To  obtain  the  strongest  effect, 
the  hands  should  be  moistened  with  acidulated  water  before  grasping 
the  handles. 

622.  Ma§rnoto-electric  Machines  for  LighthouBes. — Very  powerful 
efiects  can  be  obtained  from  magneto-electric  machines  of  large  size 
driven  rapidly.  Such  machines  were  first  suggested  by  Professor 
Nollet  of  Brussels;  and  they  have  been  constructed  by  Holmes  of 
London  and  the  Compagnie  TAlliance  of  Faria  It  is  by  means  of 
these  machines  that  the  electric  light  is  maintained  in  lighthouses; 
they  have  also  been  employed  to  some  extent  in  electro-metallurgy. 
Fig.  555  represents  the  pattern  adopted  by  the  French  company, 
it  bas  eight  rows  of  compound  horse-shoe  magnets  fixed  symmetri- 
caDy  round  a  cast-iron  frame.  They  are  so  arranged  that  opposite 
poles  always  succeed  each  other,  both  in  each  row  and  in  each  cir- 
cnlar  setu  There  are  seven  of  these  circular  sets,  with  of  course  six 
intervening  spaces.  Six  bronze  wheels,  mounted  on  one  central  axis, 
Involve  in  these  intervals,  the  axis  being  driven  by  steam-power 
transmitted  by  a  pulley  and  belt.  The  speed  of  rotation  is  usually 
•bout  350  revolutions  of  the  axis  per  minute.  Each  of  the  six 
bronze  wheels  carries  at  its  circumference  sixteen  coils,  corresponding 
to  the  number  of  poles  in  each  circular  set.     The  core  of  each  coil  is 

50 
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a  cleft  tube  of  soft  iroo,  this  form  having  been  fbimd  pecntiuly 
&TOurable  to  rapid  demagnetization. 

Each  core  has  its  magnetjam  reversed  sixteen  times  in  each  levok- 
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tioD,  by  the  influence  of  the  sixteen  successive  pairs  of  poles  betvno 
which  it  passes,  and  the  same  number  of  currents  in  alUamtdy 
opposite  directiona  are  generated  in  the  coils.  The  coils  can  be  cn- 
nected  in  different  ways,  according  as  great  electro-moUve  fbra « 
small  resistance  is  required.  The  positive  ends  are  connednJ  vitl 
the  axis  of  the  machine,  which  thus  serves  as  the  positive  electrode, 
and  a  concentric  cylinder,  well  insulated  from  it,  is  employed  is  tbe 
negative  electrode. 

When  the  machine  is  employed  for  the  production  of  the  electra 
light,  the  currents  may  be  ti-ansmitted  to  the  carbon  points  id  alttf- 
nate  directions,  as  they  are  produced.  For  electro-metallu^cil 
purposes  they  are  brought  into  one  constant  direction  by  >  <%ni- 
mutator,  as  in  Clarke's  machine  above  described.  The  diiviDg-povei 
required  for  lighthouse  purposes  is  about  three  horae-pover. 

628.  Siemens'  Aimatnre. — An  important  improvement  in  CUikes 
machine  was  introduced  by  Siemens  of  Berlin  in  1851.  It  consifts 
in  the  adoption  of  a  peculiar  form  of  electro-magnet,  which  is  re^n- 
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wDted  in  Fig.  556.    The  iron  portion  is  a  cylinder  with  it  very  deep 

snd  wide  groove  cut  along  a  pair  of  opposite  sides,  and  continued 

ronnd  the  ends.     The  coil  is  wound  in  this  groove  like 

thread  upon  a  shuttle.     Regarded  as  an  electro-magnet, 

the  poles  are  not  the  ends  of  the  cylinder,  hut  are  the 

two  cylindrical  faces  which  have  not  been  cut  away.     In 

Fig.  557,  a  &  is  a  section  of  the  armature  with  the  coil 

wound  upon  it.     ABMN  is  a  socket  within  which  the 

armature  revolves,  the  portions  AB  being  of  iron,  and 

MN  of  brass. 

The  advantage  of  Siemens'  armature  is  that,  on  account 
of  the  small  space  required  for  its  rotation,  it  can  be  kept 
in  a  region  of  very  intense  magnetic  force  by  the  use  of 
comparatively  small  magneta  Its  form  is  also  eminently 
favourable  to  rapid  rotation  It  is  placed  between  the 
opposite  poles  of  a  row  of  horse-shoe  magnets  which  be- 
stride it  along  the  whole  of  its  length,  as  shown  at  the 
top  of  Fig.  559,  and  is  rotated  by  means  of  a  driving-band 
passing  over  the  pulley  shown  at  the  lower  end  of  Fig.  556. 
The  polarity  of  the  electro-magnet  is  reversed  at  each 
half-revolution  as  in  Clarke's  arraagement,  and  the  alter- 
nately opposite  currents  generated  are  reduced  to  a  com- 
mon direction  by  a  commutator  nearly  identical  with 
Clarke's,  and  represented  in  Figa  556,  558.  Siemens'  rif.  Mi. 
machines  are  much  more  powerful  than  Clarke's  when  of  ^'^^^^'^ 
the  same  siz& 
624.  Aocamnlation  by  BaoceBsivfl  Aotios:  Wilde's  Kachine. — tay 
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employing  the  current  from  a  Siemens'  machine  to  magnetize  soft 
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iroB,  we  can  obt^Q  an  electro-magnet  of  much  greater  power  tW 
the  steel  magnets  from  whose  indnction  the  current  was  derirai 
By  causing  a  second  coil  to  rotate  between  the  poles  of  this  electro- 
magnet^ we  can  obtun  a  current  of  much  greater  power  than  the 


primary  current  This  is  the  principle  of  Wilde's  machine,  which  is 
represented  in  Fig.  559.  It  consists  of  two  Siemens'  machines,  one 
above  the  other.  The  upper  machiue  derives  its  inductive  txHou 
irom  a  row  of  steel  magnets  M,  whose  poles  rest  on  the  eoft-iron 
masses  m,  n,  forming  the  sides  of  the  socket  within  which  a  Siemens' 
armature  r  rotates.     The  currents  generated  io  the  coil,  after  being 
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reduced  to  a  uniform  direction  by  a  commutator,  flow  to  the 
bindiDg-screws  p,  q.  These  are  the  terminals  of  the  coil  of  the  large 
electro-magnet  AB,  through  which  accordingly  the  current  circulates. 
The  ooxe  of  this  electro-magnet  consists  of  two  large  plates  of  iron, 
connected  above  by  another  iron  plate,  which  supports  the  primary 
machine;  Its  lower  extremities  rest,  like  those  of  the  primary 
magnets,  on  two  iron  masses  T,  T,  separated  by  a  mass  of  brass  i; 
and  a  second  Siemens'  armature  F,  of  large  size,  revolving  within 
this  system,  furnishes  the  currents  which  are  utilized  externally. 

Wilde^s  machine  produces  calorific  and  luminous  effects  of  remark- 
able intensity;  but  the  speed  of  rotation  required  is  very  great,  being 
sometimes  1500  revolutions  a  minute  for  the  large,  and  2000  for  the 
small  armature.  This  great  speed  involves  serious  inconveniences; 
and  the  machine  does  not  appear  to  have  been  used  for  lighthouses, 
or  other  practical  purposea 

Wilde's  principle  can  be  carried  further.  The  curi'ent  of  the  second 
armatore  can  be  employed  to  animate  a  second  electro-magnet  of 
greater  power  than  the  first,  with  a  third  Siemens'  armature  revolving 
between  its  polea  This  has  actually  been  done  by  Wilde.  By 
means  of  the  current  from  this  triple  machine,  driven  by  15  horse- 
power, the  electric  light  was  maintained  between  two  carbons  as 
thick  as  a  man's  finger,  and  a  bar  of  platinum  2  feet  long  and  a 
quarter  of  an  inch  in  diameter  was  quickly  melted.  » 

This  system  of  accumulation  could  probably  be  carried  several 
steps  farther,  but  always  with  the  expenditure  of  a  proportionately 
large  amount  of  energy  in  driving  it  In  no  magneto-electric 
machine  can  the  electrical  energy  obtained  exceed  the  mechanical 
energy  expended  in  producing  it 

625.  Accumulation  by  Mutual  Action:  Siemens'  and  Wheatstone's 
Kacliiiie. — Siemens  and  Wheatstone  nearly  simultaneously  proposed 
the  construction  of  a  magneto-electric  machine  in  which  the  induced 
currents  are  made  to  circulate  round  the  soft-iron  magnet  which  pro- 
duced them.  Iron  has  usually  some  traces  of  permanent  magnetism, 
^peciftUy  if  it  has  once  been  magnetized.  This  magnetism  serves 
k)  induce  very  feeble  currents  in  a  revolving  armature.  These  cur- 
'ents  are  sent  round  the  iron  magnet,  thus  increasing  its  magnetiza- 
ion.  This  again  produces  a  proportionate  increase  in  the  induced 
urrents;  and  thus,  by  a  successive  alternation  of  mutual  actions, 
'ery  intense  magnetization  and  very  powerful  currents  are  speedily 
btained.      In  the  machine  as  exhibited  by  Siemens  in  1867,  the 
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cuireat  was  diverted  into  an  external  circuit,  at  regul&r  intemls,  by 
an  automatic  arrangement. 

636.  Ladd's  Hacbine. — Ladd  in  1867  constructed  a  machine  bued 
on  the  principle  of  mutual  action  juet  described;  but,  insteftd  of 
utilizing  tbe  current  by  occamonal  interruptions,  he  employed  i 
second  revolving  armature  whose  colt  was  in  permanent  comiecUoa 
with  the  external  circuit 

B,  B'  (Fig.  560)  are  two,  plates  of  iron  surrounded  by  coils  whidi 
are  connected  at  the  right-hand  end  so  as  to  form  but  one  drcnit 
The  other  ends  are  attached  to  two  binding-screws  connected  \nth 


tbe  ends  of  the  coil  of  a  Siemens'  armature  a'.  Tbe  directioD  of 
winding  of  the  two  large  coils  BK  is  the  same  aa  for  a  horse-shoe 
magnet,  so  that  tbe  two  poles  at  either  end  are  of  opposite  sign. 
The  ends  of  the  cores  are  let  into  masses  of  soU  iron  HM,  NX, 
between  which  two  anoatures  a  a'  rotate,  Tbe  coil  of  the  annatme  « 
is  connected  with  the  external  circuit  containing,  for  example,  two 
carbon  points  for  exhibiting  tiie  electric  light. 

On  the  principle  of  mutual  action,  tbe  elecb-o-magnets  B,  B',  which 
we  may  suppose  to  have  at  first  only  a  trace  of  magnetism,  are  soon 
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mised  to  very  inteose  magnettzatic 
umature  a',  and  as  long  aa  the  rotal 
is  maintained.  Tbe  rapid  rotation  i 
the  poles  thus  strongly  excited,  pr 
which  can  be  utilized  externally. 

RuhmkorffhasmodiBed  thearran] 
annatoie  with  two  coils  wonnd  apoi 
with  the  electro-magnet,  and  the  oti 
The  efficiency  of  machines  of  tfaif 
for  the  transformation  of  mechanic 
donbtedly  very  considerable ;  never 
amoant  of  energy  being  wasted  in 
the  high  velocity  necessary  for  effid 
ot  the  apparatus  in  comparison  with 
tion  of  temperature  ia  often  so  grei 
annoyance. 

626a.  Whestatone'B  Telegraphic  Cm 
aal  Telegraph,   which  has  been  pa 
chapter,  the  magneto-electric  cum 
produced  by  causing  a  small  tlat  h 
before  the  poles  of  a  steet  faorse-sb 
nected  coils  of  wire  wound  upon  : 
electro-magnets.     It  is  in  these  coils 
the  iron  bar  being  a  temporary  m^ 
nearly  in  the  same  manner  as  if  it 
current  is  induced  in  one  direction  s 
the  opposite  direction  as  it  recedes 
from  them,  so  that  altogether  four 
currente  are  generated   in  each 
complete  revolution.    On  account 
of  the  lightness  of  the  bar,  it 
can  be  rotated  with  great  rapi- 
dity. 

6S7.  Arago's  Rotations. — Fara- 
day succesafwlly  applied  his  dis- 
covery of  magneto- electric  induc- 
tion to  account  for  a  phenomenon 
first  observed  by  Arago  in  1824',  ai 
Babbage  and  Sir  John  HerscheL 


776  INDUCTION  OF  CURBENT& 

placed  in  the  interior  of  a  box,  is  set  in  rapid  rotation  by  turning  a 
handle.  Just  over  the  copper  disc,  but  above  the  thin  plaie  which 
forms  the  top  of  the  box,  a  magnetized  needle  aa  is  balanced  horizon- 
tally. When  the  disc  is  made  to  rotate,  the  needle  is  observed  to 
deviate  from  the  meridian  in  the  direction  of  the  rotation.  When 
the  speed  of  rotation  exceeds  a  certain  limit,  the  needle  is  not  only 
deflected,  but  carried  round  in  continuous  rotation  in  the  same 
direction  as  the  disa 

The  explanation  is  to  be  found  in  the  currents  which  are  induced 
in  the  disc  by  its  motion  in  the  vicinity  of  the  magnetized  needla 
The  forces  between  these  currents  and  the  needle  are  (by  Lenz's  law) 
such  as  to  urge  the  disc  backwards ;  and,  from  the  universal  relation 
which  subsists  between  action  and  reaction,  they  must  be  such  as  to 
urge  the  needle  forwards;  hence  the  motion.  The  direction  of  the 
induced  current  at  any  instant  is  in  fact  along  that  diameter  of  the 
disc  which  is  directly  under  the  needle,  the  circuit  being  completed 
through  the  lateral  portions  of  the  disc ;  and  it  is  evident  that  a 
current  thus  flowing  parallel  to  the  needle  underneath  it  tends  to 
produce  deflection.  If  the  continuity  of  the  disc  is  interrupted  hj 
radial  slits,  the  observed  effect  is  considerably  weakened  inasmuch 
as  the  return  circuit  is  broken.  Faraday  succeeded  in  directly 
demonstrating  the  existence  of  currents  in  a  disc  rotating  near  a 
flxed  magnet,  by  exploring  its  surface  with  the  amalgamated  ends 
of  two  wires  connected  with  a  galvanometer. 

The  experiment  performed  by  Arago  may  be  reversed  by  setting 
the  magnet  in  rotation,  and  observing  the  effect  produced  on  the 
disc.  The  latter,  if  delicately  suspended,  will  be  found  to  rotate  in  the 
same  direction  as  the  magnet.  This  experiment  was  first  perfbnned 
by  Babbage  and  Herschel.  Its  explanation  is  identical  with  that 
just  given.  In  both  cases  the  induced  rotation  must  be  slower  than 
that  of  the  body  turned  by  hand,  as  the  existence  of  the  induced 
currents  depends  upon  the  motion  of  the  one  body  relative  to  the 
other. 

When  an  iron  disc  is  used  instead  of  a  copper  one,  magnetism  is 
induced  in  the  portions  which  pass  under  the  poles  of  the  magnet; 
and  as  this  requires  a  sensible  time  for  its  disappearance^  there  b 
always  attraction  between  the  poles  of  the  needle  and  the  portions  of 
the  disc  which  have  just  moved  past  The  needle  is  thus  drawn 
forwards  by  magnetic  attraction,  and  the  observed  effect  is  similar  to 
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that  obtained  with  the  copper  disc^  though  the  cause  ^  is  altogether 
different 

627a.  Copper  Dampers. — Precisely  similar  to  the  above  is  the 
explanation  of  the  utility  of  a  copper  disc  in  checking  the  vibrations 
of  a  magnetized  needle  under  which  it  is  fixed  As  the  needle  swings 
to  either  side,  its  motion  induces  currents  in  the  copper  which  urge 
the  needle  in  the  opposite  direction  to  that  in  which  it  is  moving. 
When  it  rests  for  an  instant  at  the  extremity  of  its  swing,  the  cur- 
rents cease ;  and  as  soon  as  it  begins  to  return,  the  currents  again 
resist  its  motion.  A  copper  plate  thus  used  is  called  a  damper,  and 
the  vibrations  thus  resisted  and  destroyed  are  said  to  be  damped. 
The  name  is  applied  to  any  other  means  for  gradually  destroying 
vibrations,  and  is  probably  based  on  the  analogy  between  this  action 
and  the  steadying  action  of  a  liquid  upon  a  suspended  body  immersed 
in  it. 

The  resistance  which  induced  currents  oppose  to  the  motion  pro- 
ducing them  is  well  illustrated  by  Faraday  s  experiment  of  the  copper 
cube.  A  cube  of  copper  is  suspended  by  a  thread,  and  set  spinning 
by  twisting  the  thread  and  then  allowing  it  to  untwist.  If,  while 
spinning,  it  is  held  between  the  poles  of  a  powerful  magnet,  like  that 
represented  in  Fig.  432,  it  is  instantly  brought  to  rest  If  the  poles 
are  brought  very  near  together,  so  as  to  heighten  the  intensity  of  the 
field,  and  a  thin  sheet  of  copper  is  inserted  between  them  and  moved 
rapidly  in  its  own  plane,  the  operator  feels  its  motion  resisted  by 
some  invisible  influence.  The  sensation  has  been  compared  to  that 
of  cutting  cheese.  Foucault's  apparatus  for  the  heating  of  a  copper 
disc  by  rotating  it  between  the  poles  of  a  magnet  (§  356),  is  another 
illostration  of  the  same  principle.  In  all  cases  where  induced  cur- 
rents are  generated,  and  are  not  called  upon  to  perform  external 
work,  they  yield  their  full  equivalent  of  heat 

The  advantage  of  employing  copper  in  experiments  of  this  kind 
arises  from  its  superior  conductivity,  to  which  the  induced  currents 
are  proportional 

628.  Electro-medical  Machines. — ^The  application  of  electricity  is 
often  resorted  to  for  certain  nervous  affections  and  local  paralyse& 
Xany  different  forms  of  apparatus  are  employed  for  this  purpose. 

'  That  is  to  say,  the  main  eaute;  for  there  miut  be  induced  currents  in  the  iron  as  well 
u  in  tbe  copper,  though  inferior  in  strength,  on  account  of  the  inferior  oonductivit j  of  the 
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One  of  the  most  conTenient  is  represented  in  Fig.  562.  Two  snuU 
GoUa  connected  with  each  other,  and  furnished  with  a  vibntjng 
contact-breaker,  are  tmTened  by 
the  current  from  a  miniatme  bat- 
tery. The  coils  are  sorroonded  b; 
hollow  cylinders  of  copper  or  braaB, 
in  which  induced  currents  are  gen- 
erated as  often  as  the  current  in  the 
coils  is  established  or  interrupted 
This  action  diminishes  the  eutsgj 
of  the  extra-cnrrents  on  which  the 
shock  depends,  and  the  operator  od 
accordingly  regulate  its  strength  at 
pleasure  by  sliding  the  cylinders  on 
or  off 

688a.  Caution  regudiag  Idaes  of 

Force. — After  the  very  exteosiTe 

use  which  has  been  made  in  this 

volume  of  lines  and  tubes  of  iara. 

Fig.  Mi2.-Ei«ir<nii.di«i  HutiiH  ^s  *''>'»^   i*>  "g^fc  to  cautiou  titt 

reader  against  supposing  that  these 

conceptions  depend  upon  any  doubtfal  hypothesis.     They  mereJj 

serve,  like  meridians  and  parallels  of  latitude,  to  map  out  space  is* 

mode  convenient  for  the  statement  of  physical  lawa 
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ON   ELECTRICAL  AND   MAGNiyiC  UNITa 

(1).  The  nmnerical  value  of  a  concrete  quantity  is  its  ratio  to  a 
particular  unit  of  the  same  kind;  the  selection  of  this  unit  being 
always  more  or  less  arbitrary. 

(2).  One  kind  of  quantity  may,  however,  be  so  related  to  two  or 
more  others,  as  to  admit  of  being  specified  in  terms  of  units  of  these 
other  kinda  For  example,  of  the  three  kinds  of  quantity,  called  dis- 
tance (or  length),  time,  and  velocity,  any  one  is  capable  of  being 
expressed  in  terms  of  the  other  two.  Velocity  can  be  specified  (as 
regards  amount)  by  stating  the  distance  passed  over  in  a  specified 
tima  Distance  can  be  specified  by  stating  the  velocity  required  for 
describing  it  in  a  specified  time,  and  time  can  be  specified  by  stating 
the  distance  described  with  a  specified  velocity. 

Force,  distance,  and  work  are  in  like  manner  three  kinds  of  quan- 
tity, of  which  any  two  are  just  sufficient  to  specify  the  third. 

(3).  Calculation  is  greatly  facilitated  by  employing  as  few  original 
or  underived  units  as  possibla  These  should  be  of  kinds  admitting 
of  easy  and  accurate  comparison;  and  all  other  units  should  be 
derived  from  them  by  the  simplest  modes  of  derivation  which  are 
available. 

(4).  Velocity  is  proportional  directly  to  distance  described,  and 
inversely  to  the  time  of  its  description;  and  is  independent  of  all 
other  elements.     This  is  expressed,  by  saying  that  the  dimensions 

^      7      ..  distance        length 

7/ velocity  are  -^v^^  or  -^. 

Again,  if  we  define  the  unit  of  velocity  to  be  that  with  which  unit 
listance  would  be  described  in  unit  time,  the  real  magnitude  of  the 
mit  of  velocity  will  depend  upon  the  units  of  length  and  time 
elected,  being  proportional  directly  to  the  real  magnitude  of  the 
}rmer,  and  inversely  to  the  real  magnitude  of  the  latter.     This  is 
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expressed  by  saying  that  the  dimensions  of  the  unit  of  vdoeiiy  are 
ISm*     ^^^^  forms  of  expression  are  convenient;   and  the  ideas 

which  they  are  intended  to  express  are  logically  equivalent 

(5).  All  electrical  and  magnetic  units  can  be  derived  from  units  of 

length,  mass,  and  time.     We  shall  denote  length  by  {,  mass  by  m, 

and  time  by  t 

(6).  The  unit  of  velocity  is  the  velocity  with  which  unit  length  is 

described  in  unit  time.     Its  dimensions  are  -p 

(7).  The  unit  of  acceleration  is   the  acceleration  whid  gives 

unit  increase  of  velocity  in  unit  time.     Its  dimensions  are  ^^^^ 
I 

(8).  The  ximt  force  is  that  which  acting  on  unit  mass  produces  unit 
acceleration.     Its  dimensions  are  mass  X  acceleration,  or  -p^. 

(9).  The  unit  of  work  is  the  work  done  by  unit  force  working 
through  unit  length.     Its  dimensions  are  force  X  lengthy  or  -^f. 

(10).  The  unit  of  kinetic  energy  is  the  kinetic  energy  of  tvx>  imiis 
of  mass  moving  with  unit  velocity  (according  to  the  formula  ^mr, 

Its  dimensions  are  mass  x  (velocity)*,  or  ~^,  and  are  the  same  as  the 

dimensions  of  work.  It  might  appear  simpler  to  make  it  the  energy 
of  one  unit  of  mass  moving  with  unit  velocity;  but  if  this  change 
were  made,  it  would  be  necessary  either  to  halve  the  unit  of  woik. 
or  else  to  make  kinetic  energy  double  of  the  work  which  produced 
it.  Either  of  these  alternatives  would  involve  greater  inconvenience 
and  complexity  than  the  selection  made  above. 


UNITS   OF  STATICAL  ELECTRICITY. 

(11).  Let  q  denote  quantity  of  electricity  measured  statically,  «> 
that  the  mutual  repulsion  of  two  equal  quantities  q  at  distance  /,  i^ 

p.     This  being  equal  to  a  force,  the  dimensions  of  j*  must  l* 

(length)*  X  force,  or  -^,  and  the  dimensions  of  q  must  be  — j— • 

(12).  Let  V  denote  difference  of  potential.     Then  the  work  re- 
quired to  raise  a  quantity  q  through  a  difference  of  potential  T. 

is  aV.     The  dimensions  of  V  are  therefore  ^^,  or  ^  -^r.-  ^ 
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-J-,    The  dimensions  of  potential  are  of  course  the  same  as  those  of 

difference  of  potential 

(13).  The  capacity  of  a  conductor  is  the  quotient  of  the  quantity 
of  electricity  with  which  it  is  charged^  by  the  potential  which  this 
chaige  produces  in  the  conductor*     The  dimensions  of  capacity 

are  therefore  —j—  •  ,^^7},  or  simply  I,     In  fiwjt,  as  we  have  seen 
(§44r5M),  the  capacity  of  a  spherical  conductor  is  equal  to  its  radius. 


MAGNETIC  AND  ELECTRO-MAGNETIC   UNITS. 

(14).  Let  P  denote  the  numerical  value  of  a  pole  (or  the  strength 
of  a  pole).     Then,  since  two  equal  poles  P  at  distance  I  repel  each 

other  with  the  force  jt,  which  must  be  of  the  dimensions  -^,,  the 

dimensions  of  P  are  -  ^  - . 

(15).  Let  I  denote  the  intensity  of  a  magnetic  ^2(2.    Then,  a  pole 
P  in  this  field  is  acted  on  with  a  force  P  I.     This  must  be  of  the 

dimensions   j,.      Hence,   the  dimensions   of   I   are    ^2  *  5^yT»>   ^^ 

(16).  Let  M  denote  the  moment  of  a  magnet  Since  it  is  the 
product  of  the  strength  of  a  pole  by  the  distance  between  two  poles^ 

Its  dimensions  are  —j—' 

(17).  Intensity  of  magnetization  is  the  quotient  of  moment  by 
volume     Its  dimensions  are  therefore  ^s  or  ^*    These  are  the  same 

as  the  dimensions  of  intensity  of  field. 

(18).  When  a  magnetic  substance  is  placed  in  a  magnetic  field,  it 
is  magnetized  by  induction ;  and  each  substance  has  its  own  specific 
co-efficient  of  magnetic  induction  (constant,  or  nearly  so,  when  the 
field  is  not  excessively  intense),  which  expresses  the  ratio  of  the 
intensity  of  the  induced  magnetization  to  the  intensity  of  the 
field  For  diamagnetic  substances,  this  co-efficient  is  negative, 
that  is  to  say,  the  induced  polarity  is  reversed,  end  for  end,  as 
eompared  with  that  of  a  paramagnetic  substance  placed  in  the 
ume  field. 

(19).  The  work  required  to  move  a  pole  P  from  one  point  to 
tnotber,  is  the  product  of  P  by  the  difierence  of  the  magnetic  poten- 
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tials  of  the  two  pointa     Hence,  the  dimensions  of  Tnagristie  poloir 

..    7  ml*      t  m\lk 

tml  are  -^  ^^^  or  -j-. 

(20).  A  current  C  flowing  along  a  circular  arc,  produces  at  the 
centre  of  the  circle  an  intensity  of  field  equal  to  C  multiplied  by 
length  of  arc  divided  by  square  of  radius.     Hence,  C  divided  by  a 

length  is  equal  to  a  field-intensity,  the  dimensions  of  which  are  ^^ 

and  the  dimensions  of  C  are  — ^— . 

(21).  The  quantity  Q  of  electricity  conveyed  by  a  curreat  is  the 
product  of  the  current  by  the  time  that  it  lasta  Its  dim^ndons  are 
therefore  Taili. 

(22).  The  work  done  in  urging  a  quantity  Q  by  an  electro-motive 

force  E  is  E  Q,  hence  the  dimensions  of  etectro-Tnotive  force  are  -^ 

1  mi  I  * 

fftTTl  ^^  ~7^  *  *^^  ^^  electro-motive  force  is  difference  of  potential, 
these  are  also  the  dimensions  of  potentiaL 

(23).  The  capacity  of  a  conductor  is  the  quotient  of  quantity  of  dec- 

tricity  by  potential;  its  dimensions  are  therefore  -j. 

(24).  The  reaistcmce  B  of  a  circuit  is,  by  Ohm's  law,  equal  to  ^ 

Its  dimensions  are  therefore  -^r"  ^uYh  ^^  T'  ^^^  ^^^^  ^^^  same  as  tie 
dimensions  of  velocity. 

(25).  On  comparing  the  dimensions  of  the  same  element  as  mea- 
sured according  to  the  two  systems^  it  will  be  observed  that  they 
are  not  identical      The  dimensions  of  quantity  of  electricitj,  far 
example,  in  the  first  system,  are  to  its  dimensions  in  the  second,  as 
Itot;  and  the  dimensions  of  capacity  are  as  ?  to  f*.     Acoardingly. 
the  ratio  of  the  electro-static  to  the  electro-magnetic  unit  of  quantity 
is  equal  to  a  length  divided  by  a  time ;  that  is  to  say,  is  equal  to  a 
velocity.     From  experiments  in  which  the  same  quantity  of  electri- 
city was  measured  both  statically  and  magnetically,  it  appears  that 
this  ratio  is  in  fact  identical  with  the  velocity  of  light.     Professor 
Clerk  Maxwell  maintains  that  light,  electricity,  and  magnetism  are 
all  affections  of  one  and  the  same  medium ;  that  light  is  an  electro- 
magnetic phenomenon,  and  that  its  laws  can  be  deduced  firom  those 
of  electricity  and  magnetism. 

Notwithstanding  this  difference  of  dimensions,  two  quantities  of 
electricity  which  are  equal  when  compared  statically,  are  also  equal 
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vben  compared  magnetically ;  or  if  one  be  double  of  the  • 
compared  staticidly,  it  will  also  be  double  of  the  other  vhe 
magnetically. 

(26).  An  illustration  from  a  somewhat  more  familiar  < 
may  assist  the  reader  in  convincing  himself  that  it  is  possi 
and  the  same  kind  of  quantity  to  have  different  dimension 
to  the  line  of  derivation  employed.  It  is  well  known  tl 
spheres  attract  each  other  with  a  force  which  is  directly 
duct  of  their  masses,  and  inversely  as  the  square  of  t1 
between  their  centres.  If  this  law  were  made  to  furnish 
force,  the  dimensions  of  force  would  be-jr,  instead  of 
vionsly  found.  The  ambiguity  depends  partly  on  the  fac 
the  ooe  formula  denotes  distance  between  attracting  cent 
the  other  distance  moved  over.  It  is  only  when  the  mod< 
lion  is  distinctly  specified,  or  ia  too  obvious  to  need  sf 
that  the  dimensions  of  a  quantity  admit  of  being  detormina 
As  the  definition  of  a  derived  unit  necessarily  involves  a  si 
of  the  mode  of  its  derivation,  there  is  some  advantage  in  i 
the  dimensions  of  a  unit,  rather  than  of  the  dimensions  oi 
tity  which  the  unit  serves  to  measure. 

(27).  Derived  units  are  often  called  ahaolute  units;  but  i 
abase  of  language  to  define  a  unit  by  its  relation  to  othe 
onits,  and  then  call  it  absolute. 


ACOUSTI 


CHAPTER   L] 

PBODUCnON  AND  PEOPAQATII 

629.  Soand  is  a  Vihration. — Sound,  as 
tlie  Bense  of  }ieariiig,  is  an  impreasioa  of 
broadly  distinguished  from  the   impresaii 
rest  of  our  senses,  and  admitting  of  great 
variety  in   its  modifications.      The  at- 
tempt to  explain  the   physiological  ac- 
tions which  constitute  hearing  forma  no 
part  of  our  present  design.     The  business 
of  physics  is  ratlier  to  treat  of  those 
external  actions  which  constitute  sound, 
considered  as  an  objective  existence  ex- 
ternal to  the  ear  of  the  percipient. 

It  can  be  shown,  by  a  variety  of  ex- 
>erimeDts,    that  sound  is  the  result  of 
'ibratory  movement.     Suppose,  for  ex- 
imple,  'we  fix  one  end  C  of  a  straight 
pring  C  D   (Fig.  563)  in  a  vice  A,  then 
raw  the   other  end  D   aside  into  the 
ositioQ  D',  and  let  it  go.     In  virtue  of 
^elasticity  (§23),  the  spring  will  return 
■  its  original  position;  but  the  kinetic 
lergy  ^t^bich  it  acquires  in  returning  is 
ifGcient  to  carry  it  to  a  nearly  equal  p 
stance  on    the  other  side  ;  and  it  thus 
:ings  alternately  from  one  side  to  the  oti 
adually  diminishing,  until  at  last  it  co 
;ut  is  called  vibratoiy.     The  motion  fro 
,  is  called  a  single  vibration.     The  two  t 
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or  complete  vUiration  ;  and  the  time  of  executing  a  complete  vibra- 
tion is  the  period  of  vibratioa  The  amplititde  of  vibration  for  anj 
point  in  the  spring  is  the  distance  of  its  middle  position  from  one  of 
its  extreme  positiona.  These  teinns  have  been  already  employed 
(§  44)  in  connection  vith  the  movements  of  pendulumE^  to  wbidi 
indeed  the  movements  of  vibrating  springs  he^r  an  extremely  close 
resemblance.  The  property  of  isochronism,  which  appromiat«lj 
characterizes  tbe  vibrations  of  the  pendulum,  also  belongs  to  the 
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spring,  the  approximation  being  usually  so  close  that  the  period  mr 
practically  be  regarded  as  altogether  independent  of  the  ampliUide 

When  the  spring  is  long,  the  extent  of  its  movements  may  gsne- 
rally  be  perceived  by  the  ey&  In  consequence  of  tbe  perastence  of 
impressiona,  we  see  the  spring  in  all  its  positions  at  once;  and  the 
edges  of  the  space  moved  over  are  more  conspicuous  than  the  ceDtral 
parts,  because  the  motion  of  the  spring  is  slowest  at  its  estreme 
positions. 

As  the  spring  is  lowered  in  the  vice,  so  as  to  shorten  the  vibratJng 
portion  of  it,  its  movements  become  more  rapid,  and  at  the  same  ttmi* 
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more  limited,  until,  wben  it  is  very  short,  the  eye  ia  unable  to  d 
HQV  sign  of  motioQ.  But  where  eight  fails  ua  hearing  conies  tt 
aid.  As  the  vibrating  part  is  shortened  more  and  more,  it  eno 
musical  note,  which  continually  rises  in  pitch ;  and  this  eflfect 
tinues  after  the  movemente  have  become  much  too  small  to  be  vii 

It  thus  appears  that  a  vibratory  movement,  if  sufficiently  ti 
may  produce  a  sound.  The  following  experiments  afford  addit: 
illastration  of  this  principle,  and  are  samples  of  the  evidence 
which  it  is  inferred  that  vibratory  movement  is  essential  to  the 
duction  of  sound. 

Vibration  of  a  Sell. — A  point  is  fixed  on  a  stand,  in  such  a 
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Uon  as  to  be  nearly  in  contact  with  a  glass  bell  (Fig.  564), 
rosined  fiddle-bow  ia  then  drawn  over  the  edge  of  the  bell,  un 
tousical  note  is  emitted,  a  series  of  taps  are  heard  due  to  the  stti 
of  the  bell  against  the  point  A  pith-ball,  bang  by  a  threai 
driven  out  by  the  boU,  and  kept  in  oscillation  as  long  a^  the  ei 
»)ntinae&  By  lightly  touching  the  bell,  we  may  feel  that 
ribrating  ;  and  if  we  press  strongly,  the  vibration  and  the  bi 
will  both  be  stopped 

Vibration  of  a  Plate. — Sand  ia  strewn  over  the  surface  of  a  1 
!ontal  plate  (Fig.  665),  which  is  then  made  to  vibrate  by  drawii 
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bow  over  its  edge.    As  soon  as  the  plate  be^s  to  sound,  the  sand 
dances,  le&ves  certain  parts  bare,  and  collects  in  definite  lines,  which 
are  called  nodal  linea.     These  are,  in  fact,  the  lines  vhich  separate 
portions  of  the  plate  whose  movements  are  in  oppo- 
site directions.     Their  position  changes  whenever  the 
plate  changes  its  note. 

The  vibratory  condition  of  the  plate  ia  also  raaoi- 
fested  by  another  phenomenon,  opposite — so  to  speak 
— to  that  just  described.     If  very  fine  powder,  such  as 
lycopodium,  be  mixed  with  the  sand,  it  will  not  move 
with  the  sand  to  the  nodal  lines,  but  will  form  little 
heaps  in  the  centre  of  the  vibrating  segments;  and 
these  heaps  will  be  in  a  state  of  violent  agitation,  with 
more  or  less  of  gyratory  movement,  as  long  as  the 
plate  is  vibrating.     This  phe- 
nomenon, after  long    baffling 
explanation,    was    shown     by 
Faraday  to  be  due  to  indraughts 
of  air,  and  ascending  correats,  vftBtaLJrsrn 
brought  about   by  the  move- 
ments of  the  plate.     In  a  moderately  gwl 
vacuum,  the  lycopodium  goes  with  the  8»J 
to  the  nodal  linea. 

Vibration  of  a  Siriiip.— When  a  note  k 
produced  from  a  musical  string  or  virt,  it 
vibrations  are  often  of  sufficient  amplituiie 
to  be  detected  by  the  eye.  The  string  tbie 
assumeetheappearance  of  an  elongated  Bpindle 
(Fig566). 

Vibration  of  the  Air. — The  sonorous  body 
may  sometimes  be  air,  as  in  the  case  of  o^vr 
pipes,  which  we  shall  describe  in  a  latercbap^ 
ter.     It  is  easy  to  show  by  experiment  tb»t 
when  a  pii>e  apeaks,  the  air  witliiu  it  is  vibra- 
ting.    Let  one  side  of  the  tube  be  rf  gl^s- 
and  let  a  small  membrane  m,  stretched  o'ttt 
Pig  ML-vibiatioBof  Air.     *  fi^n^e,  be  strewed  with  sand,  and  lowered! 
into  the  pipe.     The  sand  will  be  thrown  int.' 
violent  agitation,  and  the  rattling  of  the  grains,  as  they  fall  back 
on  the  membrane,  is  loud  enough  to  be  distinctly  beard. 
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Singing  Flames. — An  experiment  on  the  production  of  musical 

sound  by  flame,  has  long  been  known  under  the  name  of  the  chemi- 

cal  harraoniccL    An  appara- 
tus for    the    production   of 

hydrogen  gas  (Fig.  568)   is 

famished  with  a  tube,  which 

tapers  off  nearly  to  a  point  at 

its  upper  end,  where  the  gas 

issues  and  is  lighted.    When 

a  tube,  open  at  both  ends, 

is  held  so  as  to  surround  tho 

flame,    a    musical    tone    is 

heard,  which  varies  with  the 

dimensions  of  the  tube,  and 

oilen    attains     considerable 

power.    The  sound  is  due  to 

the  vibration  of  the  air  and 

products  of  combustion  with- 
in the  tube;  and  on  observ-      _. 

inrj    the    reflection    of    the 

flame  in  a  mirror  rotating    J^i^ 

about  a  vertical  axis,  it  will      "^^^ 

be  seen  that  the  flame    is 

alternately  rising  and  falling, 

its  successive  images,  as  drawn  out  into  a  horizontal  series  by  the 

rotation  of  the  miiTor,  resembling  a  number  of  equidistant  tongued 

of  flame,  with  depressions  between  them.     The  experiment  may  also 

be  performed  with  ordinary  coal-gas. 

Trevelyan  Experiment — A  fire-shovel  (Fig.  569)  is  heated,  and 
balanced  upon  the  edges  of  two  sheets  of  lead  fixed  in  a  vice  ;  it  is 
then  seen  to  execute  a  series  of  small  oscillations — each  end  being 
alternately  raised  and  depressed — and  a  sound  is  at  the  same  time 
emitted.  The  oscillations  are  so-ismall  as  to  be  scarcely  perceptible 
in  themselves;  but  they  can  be  rendered  very  obvious  by  attaching 
to  the  shovel  a  small  silvered  mirror,  on  which  a  beam  of  light  is 
directed.  The  reflected  light  can  be  made  to  form  an  image  upon  a 
ifcreen,  and  this  image  is  seen  to  be  in  a  state  of  oscillation  as  long  as 
the  sound  is  heard. 

The  movements  observed  in  this  experiment  are  due  to  the  sudden 
sxpansion  of  the  cold  lead     When  the  hot  iron  comes  in  contact 
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yrith  its  f^  protuberance  is  inBtantly  fomied  by  dilatatioo,  utd  tbe 
iron  is  thrown  up.     It  then  comes  in  contact  with  another  portion 
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of  the  lead,  where  the  same  phenomenon  is  repeated  vliile  the  fint 
point  cools.  By  alternate  contacts  and  repulsions  at  the  two  poinU, 
the  shovel  is  kept  in  a  continual  state  of  oscillation,  and  the  r^ulir 
succeBsion  of  taps  produces  the  sound. 

The  experiment  is  more  usually  performed  with  a  spedal  instri- 
ment  invented  by  Trevelyan,  and  called  aroeker,  which,  after  being 
heated  and  laid  upon  a  block  of  lead,  rocks  rapidly  from  sidetosile^ 
and  yields  a  loud  note. 

630.  Distinotive  Character  of  Xuaioal  Soand. — It  is  not  as;  i« 
draw  a  sharp  line  of  demarcation  between  muaical  sound  and  mn 
noise.  The  name  of  noise  is  usually  given  to  any  sound  which  seeiBs 
unsuited  to  the  requirements  of  musia 

This  unfitness  may  arise  from  one  or  the  other  of  two  axsn- 
Either, 

1.  The  sound  maybe  unpleasant  from  containing  discordwit  de- 
ments which  jar  with  one  another,  as  when  several  consecatjve  kep 
on  a  piano  are  put  down  together.    Or, 

2.  It  may  consist  of  a  confused  succession  of  sounds,  the  dtsng^ 
being  so  rapid  that  the  ear  is  unable  to  identify  any  paitJcnlar  ddh 
This  kind  of  noise  may  be  illustrated  by  sliding  tbe  finger  along  i 
violin-string,  while  the  bow  is  applied 

All  sounds  may  be  resolved  into  combinations  of  elementary  miu'J- 
cal  tones  occurring  simultaneously  and  in  succession.  Hence  tU 
study  of  musical  sounds  must  necessarily  form  the  basis  of  acoustics 

Every  sound  which  is  recognized  aa  musical  is  characterized  bT 
what  may  be  called  smoothness,  evenness,  or  r^uiarity;  and  tli< 
physical  cause  of  this  r^ularity  is  to  be  found   in   the  accural* 
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periodicity  of  the  vibratory  movementa  ^ 
Bj  periodicity  we  mean  the  recurrence  of 
equal  intervals  of  time,  so  that  the  moven 
selres;  and  the  time  which  elapses  betw< 
reoces  of  the  same  state  is  called  the  perio 
IVactically,  musical  and  unmusicid  soui 
into  one  another.  The  tones  of  eveiy  mus 
panied  by  more  or  less  of  unmusical  noise. 
dnims  have  a  sort  of  intermediate  charac 
semblnge  of  sounds  which  is  beard  in  the 
a  distance  into  an  agreeable  ham. 

631.  Vehiole  of  Sonnd. — The  origin  of  sc 
in  the  vibratory  movements  of  a  sonorous 
movements  cannot  bring  about  the  seusati 
be  a  medium  to  transmit  them  to  the  t 
medium  may  be  either  solid,  liquid,  or  ga 
that  it  be  elastic.     A  body  vibi-ating  in  ar 
medium  utterly  destitute  of  elasticity, 
would  fail  to   excite  our  sensations  of 
hearing.     This  assertion  is  justified  by 
tbe  following  experiments :  — 

1.  Under  the  receiver  of  an  air-pump 
is  placed  a  clock-work  arrangement  for 
producing  a  number  of  strokes  on  a  belL 
It  is  placed  on  a  thick  cushion  of  felt, 
or  other  inelastic  material,  and  the  air 
in  the  receiver   is  exhausted   as   com- 
pletely as  possible.     If  the  clock-work 
is  then  started  by  means  of  the  handle 
g,  the  hammer  will  be  seen  to  strike  the 
bell,  but  the  sound  will  be  scarcely  audi- 
ble    If  hydrogen   be  introduced  into 
the  vacuum,  and  the  receiver  be  again 
exhausted,  the  sound  will  be  much  more 
completely    extinguished,    being    heard  pi 
with   difficulty  even  when   the   ear  is 
placed  in  contact  with  the  receiver.     He 
eluded  that  if  the  receiver  could  be  perfec 
fectly  inelastic  support  could  be  found  foi 
would  be  enaitted. 
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2.  The  experiment  may  be  varied  by  using  a  glass  globe,  furnished 
with  a  stop-cock,  and  having  a  little  bell  suspended  within  it  by  a 
thread.     If  the  globe  is  exhausted  of  air,  the  sound  of  the  bell  will 

be  scarcely  audible.  The  globe  may  be  fiUed  with 
any  kind  of  gas,  or  with  vapour  either  saturated  or 
non-saturated,  and  it  will  thus  be  found  that  all 
these  bodies  transmit  sound. 

Sound  is  also  transmitted  through  liquids,  as  may 
easily  be  proved  by  direct  experiment.  Experiment^ 
howevei',  is  scarcely  necessary  for  the  establishment 
of  the  fact,  seeing  that  fishes  are  provided  with  audi- 

Globe  Jith  stoiMJock    ^^  apparatus,  and  have  often  an  acute  sense  ol 

hearing. 

As  to  solids,  some  well-known  facts  prove  that  they  transmit 
sound  very  perfectly.  For  example,  light  taps  with  the  head  of  a 
pin  on  one  end  of  a  wooden  beam,  are  distinctly  heard  by  a  person 
with  his  ear  applied  to  the  other  end,  though  they  cannot  he  heard 
at  the  same  distance  through  air.  This  property  is  sometimes  em- 
ployed as  a  test  of  the  soundness  of  a  beam,  for  the  experiment  will 
not  succeed  if  the  intervening  wood  is  rotten,  rotten  wood  \mg 
very  inelastic. 

The  stethoscope  is  an  example  of  the  transmission  of  sound  throng 
solida  It  is  a  cylinder  of  wood,  with  an  enlargement  at  each  end, 
and  a  perforation  in  its  axia  One  end  is  pressed  against  the  A^ 
of  the  patient,  while  the  observer  applies  his  ear  to  the  other.  He 
is  thus  enabled  to  hear  the  sounds  produced  by  various  iutefDal 
actions,  such  as  the  beating  of  the  heart  and  the  passage  of  the  air 
through  the  tubes  of  the  lungs.  Even  simple  auacultation,  in  whidi 
the  ear  is  applied  directly  to  the  surface  of  the  body,  implies  the 
transmission  of  sound  through  the  walls  of  the  chest. 

By  applying  the  ear  to  the  ground,  remote  sounds  can  often  be  mud) 
more  distinctly  heard ;  and  it  is  stated  that  savages  can  in  this  way 
obtain  much  information  respecting  approaching  bodies  of  enemies. 

We  are  entitled  then  to  assert  that  souTid,  as  it  affects  our  orgauB 
of  hearing  J  is  an  effect  which  is  propagated,  from  a  vibrating  bady, 
through  an  elastic  and  ponderable  medium. 

632.^  Mode  of  Propagation  of  Sound. — We  will  now  endeavour  to 
explain  the  action  by  which  sound  ii  propagated. 

^  The  numbering  of  §§  632-688  does  not  correspond  with  the  originalf 
tions  having  been  made. 
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Let  there  be  a  plate  a  vibrating  opposite  the  end  of  a  long  tube, 
and  let  us  consider  what  happens  daring  the  passage  of  the  plate 
from  its  most  backward  position  a'\  to  its  most  advanced  position  a'. 
This  movement  of  the  plate  may  be  divided  in  imagination  into  a 
number  of  successive  parts,  each  of  which  is  communicated  to  the 
lajer  of  air  close  in  front  of  it,  which  is  thus  compressed,  and,  in  its 
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endeavour  to  recover  fiom  this  compression,  reacts  upon  the  next 
layer,  which  is  thus  in  its  turn  compressed.  The  compression  is  thus 
passed  on  from  layer  to  layer  through  the  whole  tube,  much  in  the 
same  way  as,  when  a  number  of  ivory  balls  are  laid  in  a  row,  if  the 
first  receives  an  impulse  which  drives  it  against  the  second,  each  ball 
will  strike  against  its  successor  and  be  brought  to  rest. 

The  compression  is  thus  passed  on  from  layer  to  layer  through  the 
tube,  and  is  succeeded  by  a  rarefaction  corresponding  to  the  back- 
ward movement  of  the  plate  from  a'  to  a".    As  the  plate  goes  on 
vibrating,  these  compressions  and  rarefactions  continue  to  be  propa- 
gated through  the  tube  in  alternate  succession.     The  greatest  com- 
pi'ession  in  the  layer  immediately  in  front  of  the  plate,  occura  when 
the  plate  is  at  its  middle  position  in  its  forward  movement,  and  the 
greatest  rarefaction  occurs  when  it  is  in  the  same  position  in  its 
backward  movement     These  are  also  the  instants  at  which  the  plate 
is  moving  most  rapidly.^     When  the  plate  is  in  its  most  advanced 
position,  the  layer  of  air  next  to  it,  A  (Fig.  574),  will  be  in  its  natu- 
ral state,  and  another  layer  at  A^, 
half  a  wave-length  further  on,  will 
also  be  in  its  natural  state,  the  pulse 
having  travelled  from  A  to  Aj,  while 
the  plate  was  moving  from  a"  to  a\ 
At  intervening  points  between  A 
und  Aj,  the  layers  will  have  various  amounts  of  compression  corres- 
ponding to  the  different  positions  of  the  plate  in  its  forward  move- 

*  See  §  682  A,  also  Note  A  at  the  end  of  this  chapter. 
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ment  The  greatest  compression  is  at  C,  a  quarter  of  a  wave-lengib 
in  advance  of  A,  having  travelled  over  this  distance  while  the  plate 
was  advancing  from  a  to  a\  The  compressions  at  D  and  D|  repre- 
sent those  which  existed  immediately  in  front  of  the  plate  when  it 
had  advanced  respectively  one-fourth  and  three-fourths  of  the  dis- 
tance from  a'*  to  a\  and  the  curve  A  C  Ai  is  the  graphical  lepreseD- 
tation  both  of  condensation  and  velocity  for  all  points  in  the  air 
between  A  and  Ai. 

If  the  plate  ceased  vibrating,  the  condition  of  things  now  existing 
in  the  portion  of  air  A  A|  would  be  transferred  to  successive  portions 
of  air  in  the  tube,  and  the  curve  A  (J  A|  would,  as  it  were,  slide 
onward  through  the  tube  with  the  velocity  of  sound,  which  is  about 
1100  feet  per  second.  But  the  plate,  instead  of  remaining  pennan- 
ently  at  a\  executes  a  backward  movement,  and  produces  rarefiaictioDs 
and  retrograde  velocities,  which  are  propagated  onwards  in  the  same 
manner  as  the  condensations  and  forward  velocitie&  A  complete 
wave  of  the  undulation  is  accordingly  represented  by  the  corre 
A  E"  Ai  C  As  (Fig.  675),  the  portions  of  the  curve  below  the  lioe  of 
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abscissas  being  intended  to  represent  rarefactions  and  retrograde  velo- 
cities. If  we  suppose  the  vibrating  plate  to  be  rigidly  connected 
with  a  piston  which  works  air-tight  in  the  tube,  the  velocities  of  the 
particles  of  air  in  the  different  points  of  a  wave-length  will  be  iden- 
tical with  the  velocities  of  the  piston  at  the  different  parts  of  ii« 
motion. 

The  wave-length  A  A3  is  the  distance  that  the  pulse  has  traveDed 
while  the  vibrating  plate  was  moving  from  its  most  backward  to  its 
most  advanced  position,  and  back  again.  During  this  time,  which 
is  called  the  period  of  the  vibrations,  each  particle  of  air  goes  throngli 
its  complete  cycle  of  changes,  both  as  regards  motion  and  density. 
The  period  of  vibration  of  any  particle  is  thus  identical  with  that  of 
the  vibrating  plate,  and  is  the  same  as  the  time  occupied  by  the 
waves  in  travelling  a  wave-length.  Thus,  if  the  plate  be  one  1^  of 
a  common  A  tuning-fork,  making  435  complete  vibrations  per  second, 
the  period  will  be  ^^th  of  a  second,  and  the  undulaticm  will  travel  in 
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this  time  a  distance  of  VsV  ^^^>  ^^  ^  ^'^^  ^  inches,  >vhich  is  tbere- 
fore  the  wave-length  in  air  for  this  note.  If  the  plate  continues  to 
vibrate  in  a  uniform  manner,  there  will  be  a  continual  series  of  equal 
and  similar  waves  running  along  the  tube  with  the  velocity  of  sound. 
Sach  a  succession  of  waves  constitutes  an  undulation.  Each  wave 
consists  of  a  condensed  portion,  and  a  rarefied  portion,  which  are 
distinguished  from  each  other  in  Fig.  573  by  different  tints,  the 
dark  shading  being  intended  to  represent  condensation. 

6S2a.  Nature  of  Undnlatioiu. — ^The  {Possibility  of  condensations 
and  rare&ctions  being  propagated  continually  in  one  direction,  while 
each  particle  of  air  simply  moves  backwards  and  forwards  about  its 
original  position,  is  illustrated  by  Fig.  575  a,  which  represents,  in  an 

ABC  D  t       F  a. 

AB    C  D  E  F     «. 

ABC        D  E  F       «. 

A    BC    D  E  F  ^ 

A        BCD       E  F  «, 

A  B    CD    E  F  ^ 

A  B       CDE       F  a^ 

A  B  C    DE    F  a^ 

A  B  C       DE  F       ^ 

A  B  C  D    EF    or 

ABC  D       EF^ 

A    B  C  D  E    F<& 

ABC  D  E       F  <r. 

Fig.  575a.— LoDgitudinal  Vibration. 

exaggerated  fonn,  the  successive  phases  of  an  undulation  propagated 
through  7  particles  ABCDEFa  originally  equidistant,  the  dis- 
tance from  the  first  to  the  last  being  one  wave-length  of  the  undula- 
tion. The  diagram  is  composed  of  thirteen  horizontal  rows,  the  first 
and  last  being  precisely  alike.  The  successive  rows  represent  the 
positions  of  the  particles  at  successive  times,  the  interval  of  time 
from  each  row  to  the  next  being  -j^th  of  the  period  of  the  undulation. 
In  the  first  row  A  and  a  are  centres  of  condensation,  and  D  is  a 
centre  of  rarefaction.  In  the  third  row  B  is  a  centre  of  condensa- 
tion, and  E  a  centre  of  rarefaction.      In  the  fifth  row  the  con- 
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densation  and  rarefaction  have  advanced  by  one  more  letter,  and 
SO  on  through  the  whole  series,  the  initial  state  of  things  being 
reproduced  when  each  of  these  centres  has  advanced  through  a  wave- 
length, so  that  the  thirteenth  row  is  merely  a  repetition  of  the  first 

The  velocities  of  the  particles  can  be  estimated  by  the  comparison 
of  successive  rows.  It  is  thus  seen  that  the  greatest  forward  velocity 
is  at  the  centres  of  condensation,  and  the  greatest  backward  velodtj 
at  the  centres  of  rarefaction.  Each  particle  has  jts  greatest  yelod- 
ties,  and  greatest  condensation  and  rarefaction,  in  passing  through 
its  mean  position,  and  comes  for  an  instant  to  rest  in  its  positioDsof 
greatest  displacement,  which  are  also  positions  of  mean  density. 

The  distance  between  A  and  a  remains  invariable,  being  always  a 
wave-length,  and  these  two  particles  are  always  in  the  same  phase. 
Any  other  two  particles  represented  in  the  diagram  are  always  in 
different  phases,  and  the  phases  of  A  and  D,  or  B  and  £,  or  C  andF, 
are  always  opposite ;  for  example,  when  A  is  moving  forwards  with 
the  maximum  velocity,  D  is  moving  backwards  with  the  same 
velocity. 

The  vibrations  of  the  particles,  in  an  undulation  of  this  kind,  are 
called  longitudinal;  and  it  is  by  such  vibrations  that  sound  is  pro- 
pagated through  air.     Fig.  575  b  illustrates  the  manner  in  which  an 
undulation  may  be  propagated. by  means  of  transverse  vibrations, 
that  is  to  say,  by  vibrations  executed  in  a  direction  perpendicular  to 
that  in  which  the  undulation  advances.     Thirteen  particles  ABCD 
EFQHIJKLa  are  represented  in  the  positions  which  they  occupy 
at  successive  times,  whose  interval  is  one-sixth  of  a  period.    At  the 
instant  first  considered,  D  and  J  are  the  particles  which  are  furthest 
displaced.     At  the  end  of  the  first  interval,  the  wave  has  advanced 
two  letters,  so  that  F  and  L  are  now  the  furthest  displaced.    At  the 
end  of  the  next  interval,  the  wave  has  advanced  two  letters  further, 
and  so  on,  the  state  of  things  at  the  end  of  the  six  intervals,  or  of 
one  complete  period,  being  the  same  as  at  the  beginning,  so  that 
the  seventh  line  is  merely  a  repetition  of  the  first     Some  examples 
of  this  kind  of  wave-motion  will  be  mentioned  in  later  chapters 

633.  Propagation  in  an  Open  Space. — When  a  sonorous  disturb- 
ance occurs  in  the  midst  of  an  open  body  of  air,  the  undulations  to 
which  it  gives  rise  run  out  in  all  directions  from  the  source.  If  the 
disturbance  is  symmetrical  about  a  centre,  the  waves  will  be  spheri- 
cal ;  but  this  case  is  exceptional.  A  disturbance  usually  products 
condensation  on  one  side,  at  the  same  instant  that  it  produces  rare- 
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faction  on  another.  This  is  the  case,  for  example,  ivith  a  vibrating 
plate,  since,  when  it  is  moving  towards  one  side,  it  is  moving  away 
from  the  other.  These  inequalities  which  exist  in  the  neighbour- 
liood  of  the. sonorous  body,  have,  however,  a  tendency  to  become  less 
marked,  and  ultimately  to  disappear,  as  the  distance  is  increased. 
Fig.  576  represents  a  diametral  section  of  a  series  of  spherical  waves. 
Their  mode  of  propagation  has  some  analogy  to  that  of  the  circular 
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Fig.  675  b.— TransTttZBe  Vibration. 

waves  produced  on  water  by  dropping  a  stone  into  it;  but  the  par- 
ticles which  form  the  waves  of  water  are  elevated  and  depressed  ; 
whereas  those  which  form  sonorous  waves  merely  advance  and 
retreat,  their  lines  of  motion  being  always  coincident  with  the  di- 
rections along  which  the  sound  travels.  In  both  cases  it  is  im- 
portant to  remark  that  the  undtdation  does  mot  involve  a  movement 
of  transference.  Thus,  when  the  surface  of  a  liquid  is  traversed  by 
waves,  bodies  floating  on  it  rise  and  fall,  but  are  not  carried  onward. 
This  property  is  characteristic  of  undulations  generally.     An  uridu- 
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lotion  may  be  defined  as  a  system  of  movemtftUa  in  w/ticA  the  aewnU 
particles  move  to  and  fro,  or  round  and  rownd,  aboat  definiU 


Fig.  £70. — Pnpi^tion  in  Opnn  Bpaco- 

points,  in  such  a  manner  aa  to  produce  the  coiUinued  onmiri 
trajiaTnission  of  a  condition,  or  aeries  of  conditioTis. 

There  is  one  important  difference  between  the  propagstdon  of 
sound  in  a  uniform  tube  and  in  an  open  epaca  In  the  former  case, 
the  layers  of  air  corresponding  to  successive  wave-lengths  are  of  eqn] 
mass,  and  tlieir  movements  are  precisely  alike,  except  in  so  far  se 
they  are  interfered  with  by  friction.  Hence  sound  is  transmiUtd 
through  tubes  to  great  distances  with  but  little  loss  of  intensity, 
especially  if  the  tubes  are  large,^ 

*  Begnnult,  in  hii  experimente  on  the  velodtj  of  Kiand,  foolid  ttut  in  »  eDnddt  ~l(iS  '^ 
a  metra  in  diameter,  the  report  of  a  pistol  ehuged  with  •  gninma  of  pomler  ccmcJ  t° 
be  heard  at  the  distuice  of  1150  matiea.  In  k  conduit  of  '3",  the  diataoce  **■  3Sif^- 
In  the  great  oonduit  of  the  St.  Michel  cewer,  of  I^'IO,  tba  aoimd  <ru  mwle  I^  laca^nl 
Mdactiona  to  traverse  a  dietance  of  10,000  metres  without  becoming  inaudible. — S. 
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In  an  open  space,  each  successive  layer  has  to  impart  its  own 
ooadition  to  a  larger  layer;  hence  there  is  a  continual  diminution  of 
amplitude  in  the  vibrations  as  the  distance  from  the.  source  increases. 
This  involves  a  continual  decrease  of  loudnesa  An  undulation 
involves  the  onward  transference  of  energy ;  and  the  amount  of  energy 
which  traverses,  in  unit  time,  any  closed  surface  described  about  the 
source,  must  be  equal  to  the  energy  which  the  source  emits  in  unit 
time.  Hence,  by  the  reasoning  which  we  employed  in  the  case  of 
radiant  heat  (§  308),  it  follows  that  the  intensity  of  sonorous  energy 
diminishes  according  to  the  law  of  inverse  squares. 

The  energy  of  a  particle  executing  simple  vibrations  in  obedience 
to  forces  of  elasticity,  varies  as  the  square  of  the  amplitude  of  its 
excursions;  for,  if  the  amplitude  be  doubled,  the  distance  worked 
through,  and  the  mean  working  force,  are  both  doubled,  and  thus 
the  work  which  the  elastic  forces  do  during  the  movement  from 
either  extreme  position  to  the  centre  is  quadrupled.  This  work  is 
equal  to  the  energy  of  the  particle  in  any  part  of  its  course.  At  the  ex- 
treme positions  it  is  all  in  the  shape  of  potential  energy ;  in  the  middle 
position  it  is  all  in  the  shape  of  kinetic  energy ;  and  at  intermediate 
points  it  is  partly  in  one  of  these  forms,  and  partly  in  the  other. 

If  we  sum  the  potential  energies  of  all  the  particles  which  consti- 
tute one  wave,  and  also  sum  their  kinetic  energies,  we  shall  find  the 
two  sums  to  be  equal.^ 

633  a.  Dissipation  of  Sonorous  Energy. — ^The  reasoning  by  which 
we  have  endeavoured  to  establish  the  law  of  inverse  squares,  assumes 
that  onward  propagation  involves  no  loss  of  sonorous  energy.  This 
assumption  is  not  rigorously  true,  inasmuch  as  vibration  implies 
friction,  and  friction  implies  the  generation  of  heat,  at  the  expense 
of  the  energy  which  produces  the  vibrationa  Sonorous  energy  must 
therefore  diminish  with  distance  somewhat  more  rapidly  than  ac- 
cording to  the  law  of  inverse  squares.  All  sound,  in  becoming 
extinct,  becomes  convei*ted  into  heat. 

This  conversion  is  greatly  promoted  by  defect  of  homogeneity  in 

^  In  the  case  of  one  of  the  particles,  the  potential  energy  at  distance  y  from  the  position 

of  eqnilifarinm  is  half  the  product  of  force  by  distance,  and  may  be  denoted  by  -^.  ^;  the 

kinetic  energy  is  ^  (a* — y*),  a  being  the  amplitude.     The  former  of  these  quantities  may 

be  written  -^  a*  cos*  0,  and  the  latter  wiU  be  -^  a'  sin'  0.     In  dealing  with  the  series  of 

partides  which  form  one  wave,  0  is  equicrescent  from  particle  to  particle,  and  its  limiting 
▼aloes  differ  by  an  entire  circumference.  Under  these  conditions,  it  is  obvious  that  the 
mean  values  of  cos'^  and  sin'0  are  equal,  and  that  each  of  them  is  equal  to  ^, 
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the  medium  of  propagation.  In  a  fog,  or  a  snow-storm,  the  liquid  oi 
solid  particles  present  in  the  air  produce  innumerable  reflections,  in 
each  of  which  a  little  sonorous  energy  is  converted  into  heat 

634.  Telocity  of  Sound  in  Air. — The  propagation  of  sound  through 
an  elastic  medium  is  not  instantaneous,  but  occupies  a  very  sensible 
time  in  traversing  a  moderate  distance.  For  example,  the  flash  of  a 
gun  at  the  distance  of  a  few  hundred  yards  is  seen  some  time  before 
the  report  is  heard.  The  interval  between  the  two  impressions  may 
be  regarded  as  representing  the  time  required  for  the  propagation  of 
the  sound  across  the  intervening  distance,  for  the  time  occupied  by 
the  propagation  of  light  across  so  small  a  distance  is  inappreciabk 

It  is  by  experiments  of  this  kind  that  the  velocity  of  sound  in  air 
has  been  most  accui'ately  determined.     Among  the  best  determina- 
tions may  be  mentioned  that  of  Lacaille,  and  other  members  of  a 
commission  appointed  by  the  French  Academy  in  1738;  that  ot 
Arago,  Bouvard,  and  otlier  members  of  the  Bureau  de  Longitudes, 
in  1822 ;  and  that  of  Moll,  Vanbeek,  and  Kuy tenbrouwer  in  Holland, 
in  the  same  year.     All  these  determinations  were  obtained  by  firing 
cannon  at  two  stations,  several  miles  distant  from  each  other,  aod 
noting,  at  each  station,  the  interval  between  seeing  the  flash  aod 
hearing  the  sound  of  the  guns  fired  at  the  other.     If  guns  were  fired 
only  at  one  station,  the  determination  would  be  vitiated  by  the  effect 
of  wind  blowing  either  with  or  against  the  sound.     The  error  fiom 
this  cause  is  nearly  eliminated  by  firing  the  guns  alternately  at  tk 
two  stations,  and  still  more  completely  by  firing  them  simultaneously. 
This  last  plan  was  adopted  by  the  Dutch  observers,  the  distance  of 
the  two  stations  in  their  case  being  about  nine  milea     Renault  has 
quite  recently  repeated  the  investigation,  taking  advantage  of  the 
important  aid  aflTorded  by  modern  electrical  methods  for  registeriug 
the  times  of  observed  phenomena.     All  the  most  careful  detenniua- 
tions  agree  very  closely  among  themselves,  and  show  that  the  velo- 
city of  sound  through  air  at  0°C.  is  about  332  metres,  or  1090  feet 
per  second.^    The  velocity  increases  with  the  temperature,  beiog 

^  A  recent  determination  by  Mr.  Stone  at  the  Cape  of  Grood  Hope  is  worthy  of  note  » 
being  based  on  the  comparison  of  observations  made  through  the  sense  of  faeanng  aJcce 
It  had  previously  been  suggested  that  the  two  senses  of  sight  and  heaiing,  which  are  eon- 
cemed  in  observing  the  flash  and  report  of  a  cannon,  might  not  be  equally  prompt  ir 
receiving  impressions  (Airy  on  Sound,  p.  131).  Mr.  Stone  accordingly  placed  two  ob- 
servers— one  near  a  cannon,  and  the  other  at  about  three  miles  distance;  each  of  wh'm 
on  hearing  the  report,  gave  a  signal  through  an  electric  telegraph.  The  result  olitaiiiea 
was  in  precise  agreement  with  that  stated  in  the  text* 


vBLOcrrr  op  sodito  in  aib. 

proportional  to  the  aqtiare  root  of  what  ve  have  called  in  § 
ths  absolute  temperature.  If  t  denote  the  ordinary  Centigrad< 
perature,  aad  a  the  coefficient  of  expansion  '00366,  the  veloc 
sound  through  air  at  any  temperature  is  given  hy  the  formula 

332  Vl  +  o'iii  nutrei  per  ■eoond,  or 
lOSO  Vl+<>( in lott  per  gecond. 

The  actual  relocity  of  sound  &om  place  to  place  on  the  earth' 
face  is  found  by  compounding  this  velocity  with  the  velocity  * 
wind. 

There  is  some  reason,  both  &om  theory  and  experiment,  f< 
iieving  that  Tery  loud  sounds  travel  rather  ffister  than  boui 
moderate  intensity. 

68S.  Theoretioal  Oompntation  of  Velocity. — By  applying  the 
dples  of  dynamics  to  the  propagation  of  undulations,'  it  is  com 
that  the  velocity  of  sound  through  air  must  be  given  by  the  fo 

.-V?.  (1) 

D  denoting  the  density  of  the  air,  and  E  its  elasticity,  as  mes 
by  the  quotient  of  pressure  applied  by  compression  produced. 

Let  P  denote  the  pressure  of  the  air  in  units  of  force  per  u 
area ;  then,  if  the  temperature  be  kept  constant  during  compre 
a  small  additional  pressare  p  will,  by  Boyle's  law,  produce  a 
pression  oqual  to^,  and  the  value  of  E,  being  the  quotient  of 
this  quantity,  will  be  simply  P. 

On  the  other  hand,  if  no  heat  is  allowed  either  to  enter  or  e 
tbe  temperature  of  the  air  will  be  raised  by  compression,  and 
tional  resistance  will  thus  be  encountered.  In  this  case  tbe  con 
sion  (:^in  §34f7A)  will  be  p-7^f«T,l+/3  denoting  the  ratio  of  th 
specific  heats,  which  for  air  and  simple  gases  is  about  1'4>1 ;  an' 
value  of  E  will  be  P  (1  +0). 

It  thus  appears  that  the  velocity  of  sound  in  air  cannot  be  less 
a/ ^  nor  greater  than  a/1'41  t,-  ^^  actual  velocity,  as  deten 
by  observation,  is  nearly  identical  with  the  latter  of  these  lin 
values.  It  is  probable  that  the  compressions  and  extensions  i 
the  particles  of  air  undergo  in  transmitting  sound  are  of  too 
duration  to  allow  of  any  sensible  transference  of  heat  from  ps 
to  particle. 

'  See  Note  B  >t  tbe  end  o(  this  ch&pter. 
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The  foUowmg  is  the  actual  process  of  calculatioii  for  perfecdy 
dry  air  at  O^C,  the  centimetre,  gramme,  and  second  being  taken  as 
the  units  of  length,  mass,  and  time. 

The  density  of  dry  air  at  0^  under  the  pressure  of  1033  grammes 
per  square  centimetre,  at  Paris,  is  -001293  of  a  gramme  per  cubic 
centimetre.  But  the  gravitating  force  of  a  gramme  at  Paris  is  981 
(§38).  The  density  -001293  therefore  corresponds  to  a  pressure  of 
1033x981  units  of  force  per  unit  of  area;  and  the  expression  for 
the  velocity  in  centimetres  per  second  is 


v»      /vixL  =       /l-41  12332^»81  =83240  neariy ; 
V  I>       V  001293 

that  is,  332-4  metres  per  second,  or  1093  feet  per  second. 

635a.  Effects  of  Pressure,  Temperature,  and  Moisture. — ^The  velo- 
city of  sound  is  independent  of  the  height  of  the  barometer,  since 
changes  of  this  element  (at  constant  temperature)  affect  P  and  D  in 
the  same  direction,  and  to  the  same  extent 

For  a  given  density,  if  F^  denote  the  pressure  at  0"",  and  a  tk 
coefficient  of  expansion  of  air,  the  pressure  at  f  Centigrade  is 

P^j  (1  +a  Q,  the  value  of  a  being  about  273 

Hence,  if  the  velocity  at  0**  be  1090  feet  per  second,  the  vefccitj 

at  f  will  be  1090^1+^.     At  the  temperature  50**  F.  or  iCC 

which  is  approximately  the  mean  annual  temperature  of  this  cotmtiy, 
the  value  of  this  expression  is  about  1110,  and  at  86^  F.  or  30°  C  it 
is  about  1148.  The  increase  of  velocity  is  thus  about  a  foot  per 
second  for  each  degree  Fahrenheit. 

The  humidity  of  air  has  some  influence  on  the  velocity  of  sounds 
inasmuch  as  aqueous  vapour  is  lighter  than  air,  but  the  effect  is 
comparatively  trifling,  at  least  in  temperate  climates.  At  the  tem- 
perature 50°  F.,  air  saturated  with  moisture  is  less  dense  than  dnr 
air  by  about  1  part  in  220,  and  the  consequent  increase  of  velodtv 
cannot  be  greater  than  about  1  part  in  440,  which  will  be  between 
2  and  3  feet  per  second.  The  increase  should,  in  fact,  be  somewhat 
less  than  this,  inasmuch  as  the  value  of  H-/3  (the  ratio  of  the  tvo 
speciflc  heats)  appears  to  be  only  1*31  for  aqueous  vapour.^ 

635b.  Newton's  Theory,  and  Laplace's  Modification.— The  earliest 
theoretical  investigation  of  the  velocity  of  sound  was  that  given  by 
Newton  in  the  Principia  (book  2,  section  8).     It  proceeds  on  the 

^  Bankine  on  the  Steam  Snffine,  p.  320. 


VELocrrr  in  gases  oekeiullt. 


tacit  assumption  that  no  chajiges  of  temper&ture  are  prodi 
the  compressioDs  and  extensioDB  which  eater  into  the  cons 
of  a  BonorouB  undulatioii ;  and  the  result  ohtained  by  Ne 
equivalent  to  the  formula 


or  since  (§111  A)  ^=g'H,  where  H  denotes  the  height  of  i 
geneotis  atmosphere,  and  the  velocity  acquired  in  falling 
any  height  a  is  */^gB,  the  velocity  of  sound  in  air  is,  accoi 
Newton,  {he  same  as  the  velocity  which  would  be  acquired  by 
in  vacuo  thr<mgh  half  the  height  of  a  homogeneous  aim 
This  in  fact,  is  the  form  in  which  Newton  states  his  result' 
NewtoD  himself  was  quite  aware  that  the  value  thus  c( 
theoretically  was  too  small,  and  he  throws  out  a  conjecture  a 
cause  of  the  discrepancy ;  but  the  true  cause  was  £rst  poii 
by  Laplace,  as  depending  upon  increase  of  temperature  prod 
compression,  and  decrease  of  temperature  produced  by  expai 
636c.  Velocity  in  Qaaea  generally. — The  sam^  principle 
apply  to  air  apply  to  gases  generally ;  and  since  for  all  simj 
the  ratio  of  the  two  specific  heats  ia  1'41,  the  velocity  of  s 
any  simple  gas  ia^lll  p,  D  denoting  its  absolute  densit; 
pressure  P.  Comparing  two  gases  at  the  same  pressure,  we 
the  velocities  of  sound  in  them  will  be  inversely  as  the  squ( 
of  their  absolute  densities;  and  this  will  be  true  whether  t 
peratures  of  the  two  gases  are  the  same  or  different. 

€36.  Telocity  of  Sonnd  in  Liquids.  —  The  velocity  of  s< 
water  'was  measui'ed  by  CoUadon,  in  1S26,  at  the  Lake  of 
Two  boats  were  moored  at  a  distance  of  13,500  metres  (bei 
and  9  miles).  One  of  them  carried  a  bell,  weighing  about  ] 
immersed  in  the  lake.  Its  hammer  was  moved  by  an  extern 
so  arranged  as  to  ignite  a  small  quantity  of  gunpowder  at  th« 
of  striking  the  belL  An  observer  in  the  other  boat  was  em 
hear  the  sound  by  applying  his  ear  to  the  extremity  of  a  \ 
shaped  tube  (Fig.  672),  having  its  lower  end  covered  with 
brane  and  fiiicing  towards  the  direction  from  which  the  sot 

*  Nenton'i  mTeatigation  lelatea  onlj  to  ntnpZe  iravcs ;  but  if  theM  have  at 
velixaty  <M  Newton  ahows),  thU  numt  dso  be  tlie  Telodty  of  the  eaniplei  wave 
comptwe.      SeDce  the  restriction  ia  only  apparent. 
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ceeded.     By  noting  the  interval  between  seeing  the  flash  and  hearing 
the  sound,  the  velocity  with  which  the  sound  travelled  through  the 

water  was  determined.  The  velocity  thus  com- 
puted was  1435  metres  per  second,  and  the 
temperature  of  the  water  was  S***!  C. 

Formula  (1)  of  §  633  holds  for  liquids  as  well 
as  for  gases,  and  is  easily  applied  to.  the  case  of 
water  if  we  neglect  the  changes  of  temperature 
produced  by  compression  and  extension.  We 
have  stated  in  §  22  (Part  I.)  that  the  compressi- 
bility of  water,  as  determined  by  the  most  re- 

Fi£.  572.  */  '  y 

cent  experiments,  is  -OOOOIS?  per  atmosphere, 
at  the  temperature  of  15**  C.     The  value  of  E  in  terms  of  the  units 

emploj^ed  in  §  635  is  therefore  .000^57  >  *^^  ^'  *^®  tss»s&  of  a  cubic 
centimetre  of  water  expressed  in  grammes,  is  unity.  We  have 
therefore 

which,  reduced  to  metres  per  second,  is  1489*2. 

This  computation  applies  to  water  at  15**,  which  is  T*  warmer  than 
the  water  of  the  laka  As  the  elasticity  of  water  is  known  to  increase 
with  its  temperature,  the  difference  between  the  two  results  is  in  the 
right  direction.  The  agreement  is  sufficiently  close  to  show  that  the 
increase  of  elasticity  from  the  instantaneous  changes  of  temperature 
produced  by  sonorous  undulations  is  insignificant  in  the  case  of  waier.^ 

^  ^  W.  Thomson  has  investigated,  on  thenno-dynamic  principles,  the  additional  pits* 
sore  required  to  produce  a  given  diminution  of  volume,  when  the  heat  of  oompression  is 
not  aUowed  to  escape.     He  computes  that  the  elasticity  of  a  fluid  under  these  dream* 

stances  is  to  its  elasticity  at  constant  temperature  as  1+  to  1,  E  denoting  &e 

elasticity  at  constant  temperature,  a  the  coefficient  of  expansion  of  the  fluid  per  degree 
Centigrade,  T  the  absolute  temperature  of  the  fluid,  or  the  common  Centigrade  temperature 
increased  by  278%  C  the  thermal  capacity  of  unit  volume  of  the  liquid^  and  J  Joule's 
equivalent  for  a  unit  of  heat.  If  £  be  expressed  in  absolute  units  of  force  per  unit  of  area, 
J  must  be  expressed  in  absolute  units  of  work,  and  will  be  42400  x  981  if  the  centimetre, 
the  gramme,  and  the  second  be  the  units  of  length,  mass,  and  time. 

For  water  at  IS*"  0.  the  coeflicient  of  expansion  a  is  about  '00015,  T  is  288,  and  C  ia 

unity.     The  value  of  5^=^  wiU  be  found  to  be  about  -008,  so  that  the  heat  of  oompres- 

J  C 
mon  and  cold  of  expansion  increase  the  effective  elasticity  by  3  parts  in  a  thousand,  and 

therefore  increase  the  velocity  of  sound  by  l^  part  in  a  thousand. 

The  same  formula  applies  to  solids  if  we  make  E  denote  Toung^s  modulus,  and  a  the 

coefficient  of  linear  expansion.     For  iron  it  gives,  according  to  Sir  W.  Thomson  (Proc. 

R.  8.  E,  1865-6),  an  increase  of  about  \  per  cent,  in  Yoimg's  modulus,  and  therefore  of  \ 

per  cent,  in  the  velocity  of  sound. 
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Wertheim  has  measured  the  velocity  of  sound  in  some  liquids  by 
an  indirect  method,  which  will  be  explained  in  a  later  chapter.  He 
finds  it  to  be  1160  metres  per  second  in  ether  and  alcohol,  and  1900 
in  a  solution  of  chloride  of  calcium. 

697.  Velocity  of  Sound  in  Solids. — The  velocity  of  sound  in  cast- 
iron  was  determined  by  Biot  and  Martin  by  means  of  a  connected 
series  of  water-pipes,  forming  a  conduit  of  a  total  length  of  951 
metrea  One  end  of  the  conduit  was  struck  with  a  hammer,  and  an 
observer  at  the  other  end  heard  two  sounds,  the  first  transmitted  by 
the  metal,  and  the  second  by  the  air,  the  interval  between  them 
being  2-5  seconda  Now  the  time  required  for  travelling  this  dis- 
tance through  air,  at  the  temperature  of  the  experiment  (IV  C),  is 
28  seconds.  The  time  of  transmission  through  the  metal  was  there- 
fore '3  of  a  second,  which  is  at  the  rate  of  3170  metres  per  second. 
It  is,  however,  to  be  remarked,  that  the  transmitting  body  was  not 
a  continuous  mass  of  iron,  but  a  series  of  376  pipes,  connected  to- 
gether by  collars  of  lead  and  tarred  cloth,  which  must  have  consid- 
erably delayed  the  transmission  of  the  sound  But  in  spite  of  this, 
the  velocity  is  about  nine  times  greater  than  in  air. 

Wertheim,  by  the  indirect  methods  above  alluded  to,  measured 
the  velocity  of  sound  in  a  number  of  solids,  with  the  following  results, 
the  velocity  in  air  being  taken  as  the  unit  of  velocity : — 


Lead, 8974  to  4120 

Tin, 7-338  to  7*480 

Gold, 5-603  to  6-424 

SUver, 7-903  to  8-057 

Zinc, 9-863  to  11009 

Copper, 11-167 

Platinum 7*823  to    8*467 


Steel, 14-361  to  15-108 

Iron, 15108 

Brass, 10-2*24 

Glass, 14-956  to  16-759 

Flint  Glass,  .     .  11*890  to  12*220 

Oak, 9-902  to  12-02 

Fir, 12-49   to  17  26 


638.  Theoretical  Computation. — The  formula  a/^  serves  for  solids 

as  well  as  for  liquids  and  gases;  but  as  solids  can  be  subjected  to 
many  different  kinds  of  strain,  whereas  liquids  and  gases  can  be 
subjected  to  only  one,  we  may  have  different  values  of  E,  and  dif- 
ferent velocities  of  transmission  of  pulses  for  the  same  solid.  This  is 
true  even  in  the  case  of  a  solid  whose  properties  are  alike  in  all 
directions  (called  an  isotropic  solid) ;  but  the  great  majority  of  solids 
are  very  far  from  fulfilling  this  condition,  and  transmit  sound  more 
rapidly  in  some  directions  than  in  others. 

When  the  sound  is  propagated  by  alternate   compressions  and 
extensions  running  along  a  substance  which  is  not  prevented  from 
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extending  and  contracting  laterally,  the  elasticify  E  becomes  iden- 
tical^ with  Young'a  modulus  (§  23).  On  the  other  hand,  if  unifoim 
spherical  waves  of  alternate  compresEdou  and  extension  spread  out- 
wards, symmetrically,  from  a  point  in  the  centre  of  an  infinite  solid, 
lateral  extension  and  contraction  will  be  prevented  by  the  symmetry 
of  the  action.  The  effective  elasticity  is,  in  tbin  case,  greater  than 
Young's  modulus,  and  the  velocity  of  sound  will  be  increased  accord- 
ingly- 

By  the  table  on  p.  29  the  value  of  Young's  modolns  for  copper  is 
12,558  kilogrammes  per  square  millimetre,  or  1,255,800,000  grammes 
per  square  centimetre,  and  by  the  table  on  p.  89  the  dendty  of 
copper  in  grammes  per  cubic  centimetre  is  8*8.  Hence,  for  the  velo- 
city of  sound  through  a  copper  rod,  in  centimetres  per  second,  we 
have 

or  3741  5  metres  per  second. 

This  is  about  11  2  times  the  velocity  in  air. 

689.  BeSeotion  of  Sonnd. — When  sonorous  waves  meet  a  fiiaJ 
obstacle  they  are  reflected,  and  the  two  sets  of  waves — one  dirert, 


and  the  other  reflected — are  propagated  Just  as  if  they  came  from 
two  separate  sources.  If  the  reflecting  surface  is  plane,  waves  di- 
verging &om  any  centre  0  in  front  of  it  are  reflected  so  as  to  dirago 


Subject  to  the  small  correction  meiitioneil  io  the  foot-note  to  i  630. 
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of  tihe  property,  that  lines  drawn  to  any  point  on  an  eUipae  from  tin 
two  foci  are  equally  inclined  to  the  curve. 

The  experiment  of  the  conjugate  mirrors  (§  Sll)  is  also  applicable 
to  BOond.  Let  a  watch  be  hung  in  the  focus  of  one  of  them  (Fig.  579), 
and  let  a  person  hold  his  ear  at  the  focus  of  the  other;  or  still  better, 
to  avoid  intercepting  the  sound  before  it  falls  on  the  second  minoi, 
let  him  employ  an  ear-trumpet,  holding  its  open  end  at  the  focK 
He  will  distinctly  hear  the  ticking,  even  when  the  mirrorfl  are  muy 
yards  apart  ^ 

641.  Echo, — Echo  is  the  most  familiar  instance  of  the  reflection  of 
sound  In  order  to  hear  the  echo  of  one's  own  voice,  there  must  be 
a  distant  body  capable  of  reflecting  sound  directly  back,  and  the 
number  of  syllables  that  an  echo  will  repeat  is  proportional  to  tbe 
distance  of  this  obstacle.  Reckoning  ^  of  a  second  as  the  time  of 
pronouncing  a  syllable,  the  space  traversed  by  sound  in  this  time  a 


about  200  feet,  and  an  obstacle  must  be  at  half  this  distance  in  order 
that  it  may  be  able  to  send  back  a  ^ngle  syllable.  The  Boonda 
reflected  to  the  speaker  have  travelled  first  over  the  distance  OA 
(Fig.  680)  from  him  to  the  reflecting  body,  and  then  back  &om 
A  to  O.  Supposing  five  syllables  to  be  pronounced  in  a  second,  and 
taking  the  velodty  of  sound  aa  1100  feet  per  second,  a  distance  of 

'  SondluHiB  ItM  ■bown  that  ■oimd,  like  ligbt,  u  cap>Ue  of  bung  r^fraeUd.    A  ^>ban 

billoon  of  oollodion,  filled  with  cubonio  tad  gu,  acta  aa  a  •ound-lena.  If  a  mtd  t* 
hung  at  aome  distance  from  it  on  oan  nde,  an  ear  held  at  the  conjagote  focni  on  t^  otbr 
ride  will  hear  tbe  tidcing. 
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550  feet  from  the  speaker  to  the  reflecting  body  would  enable  the 

speaker  to  complete  the  fifth  syllable  before  the  return 

of  the  first;  this  is  at  the  rate  of  110  feet  per  syllable. 

At  distances  less  than  about  100  feet  there  is  not  time 

for  the  distinct  reflection  of  a  single  syllable ;  but  the 

reflected  sound  mingles  with  the  voice  of  the  speaker. 

This  is  particularly  observable  under  vaulted  roofs. 

Multiple  echoes  are  not  imcommon.  They  are  due, 
in  Bome  cases,  to  independent  reflections  from  obstacles 
at  different  distances;  in  others,  to  reflections  of  re- 
flections. A  position  exactly  midway  between  two 
parallel  walls,  at  a  sufficient  distance  apart,  is  favour- 
able for  the  observance  of  this  latter  phenomenon.  One 
of  the  most  frequently  cited  instances  of  multiple  echoes 
is  that  of  the  old  palace  of  Simonetta,  near  Milan,  which 
forms  three  sides  of  a  quadrangle.  According  to  Kircher, 
it  repeats  forty  times. 

642.  Speaking  and  Hearing  Trumpets. — The  complete 
explanation  of  the  action  of  these  instruments  presents 
considerable  difficulty.   The  speaking-trumpet  (Fig.  681) 
consists  of  a  long  tube  (sometimes  6  feet  long),  slightly 
tapering  towards  the  speaker,  furnished  at  this  end  with  gpeaJ^ltompet. 
a  hollow  mouth-piece,  which  nearly  fits  the  lips,  and  at 
the  other  with  a  funnel-shaped  enlargement,  called  the  bell,  opening 
oat  to  a  width  of  about  a 
foot   It  is  much  used  at  sea, 
aad  is  found  very  effectual 
in  making  the  voice  heard 
at  a  distance.     The  expla- 
mttion  usually  given  of  its 
action  is,  that  the  slightly 
conical  form  of  the  long  tube 
produces  a  series  of  reflec- 
tions in  directions  more  and 
more  nearly  parallel  to  the 
axis;  but  this  explanation 
fails  to  account  for  the  utility 
of  the  bell,  which  experience  p^  582.-Bar.trumpetfc 

has  shown  to  be  considerable. 
Ear-tminpets  have  various  forms,  as  represented  in  Fig.  582; 


i 
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having  little  in  common,  except  that  the  external  opening  or  beK  is 
much  larger  than  the  end  \)rhich  is  introduced  into  the  ear.  Mem- 
branes of  gold-beaters'  skin  are  sometimes  stretched  across  their 
interior,  in  the  positions  indicated  by  the  dotted  lines  in  Nos.  4  and  i 
No.  6  consists  simply  of  a  bell  with  such  a  membrane  stretched  across 
its  outer  end,  while  its  inner  end  communicates  with  the  ear  by  an 
indian-rubber  tube  with  an  ivory  end-piece.  These  light  membranes 
are  peculiarly  susceptible  of  impression  from  aerial  vibraiions.  In 
Regnault's  experiments  above  cited,  it  waa  found  that  membranes 
were  affected  at  distances  greater  than  those  at  which  sound  was 
heard. 

643.  Interference  of  Sonorous  Undulations. — ^When  two  systems 
of  waves  are  traversing  the  same  matter,  the  actual  motion  of  each 
particle  of  the  matter  is  the  resultant  of  the  motions  due  to  each 
system  separately.  When  these  component  motions  are  in  the  same 
direction  the  resultant  is  their  sum;  when  they  are  in  opposite 
directions  it  is  their  difference ;  and  if  they  are  equal,  as  wdl  as 
opposite,  it  is  zero.  Very  remarkable  phenomena  are  thus  produced 
when  the  two  undulations  have  the  same,  or  nearly  the  same  1raT^ 
length;  and  the  action  which  occurs  in  this  case  is  called  interfermt 

When  two  sonorous  undulations  of  exactly  equal  wave  la^ 
and  amplitude  are  traversing  the  same  matter  in  the  same  direetioD, 
their  phases  must  either  be  the  same,  or  must  everywhere  diff^  ^ 
the  same  amount.     If  they  are  the  same,  the  amplitude  of  vibratioo 
for  each  particle  will  be  double  of  that  due  to  either  undolatioa 
separately.     If  they  are  opposite — ^in  other  words,  if  one  undulation 
be  half  a  wave-length  in  advance  of  the  other — the  motions  which 
they  would  separately  produce  in  any  particle  are  equal  and  oppo- 
site, and  the  particle  will  accordingly  remain  at  rest     Two  sounds 
will  thus,  by  their  conjoint  action,  produce  silence. 

In  order  that  the  extinction  of  sound  may  be  complete,  the  rar^ 
fied  portions  of  each  set  of  waves  must  be  the  exact  counterparts  d 
the  oondensed  portions  of  the  other  set,  a  condition  which  can  only 
be  approximately  attained  in  practice. 

The  following  experiment,  due  to  M.  Desains,  affords  a  very  direct 
illustration  of  the  principle  of  interference.  The  bottom  of  a  wooden 
box  is  pierced  with  an  opening,  in  which  a  powerful  whistle  fits. 
The  top  of  the  box  has  two  larger  openings  symmetrically  placed 
with  respect  to  the  lower  one.  The  inside  of  the  box  is  lined  with 
felt,  to  prevent  the  vibrations  from  being  communicated  to  the  box, 
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and  to  veaken  internal  reflection.  When  the  vhistle  is  sonodei 
A  membrane,  with  sand  strevm  OQ  it,  is  held  in  vajious  position 
the  vertical  plane  which  hisects,  at  right  angles,  the  line  joining 
two  openings,  the  sand  will  be  ^tated,  and  will  arrange  itsel 
Dodal  hne&  But  if  it  is  carried  out  of  this  plane,  poeitioDS  will 
found,  at  equal  distances  on  both  sides  of  it,  at  which  the  agitA: 
is  Bcaroely  perceptibla  If,  when  the  membrane  is  in  one  of  tl 
positions,  we  close  one  of  the  two  openings,  the  sand  is  again  agita 
dearly  showing  that  the  previous  absence  of  agitation  was  du< 
ibe  interference  of  the  undtilatioos  proceeding  from  the  two  orifi< 
In  this  experiment  the  proof  is  presented  to  the  eye.  In  the 
lowing  experiment,  which  ia  due  to  M.  Lissajous,  it  is  presentee 
tbe  ear.  A.  circular  plate,  supported  like  the  plate  in  Fig.  66( 
made  to  vibrate  in  sectors  separated  by  radial  nodes.  Tbe  ni 
kr  of  sectors  will  always  be  even,  and  adjacent  sectors  will 
bmte  in  opposite  directions.  Let  a  disk  of  card-board  of  the  si 
size  be  divided  into  the  same  number  of  sectors,  and  let  alten 
sectors  be  cut  away,  leaving  only  enough  near -the  centre  to  hold 
remaining  sectors  together.  If  the  card  be  now  held  just  over 
vibrating  disk,  in  such  a  manner  that  tbe  sectors  of  the  one 
exactly  over  sectors  of  the  other,  a  great  increase  of  loudness  wil 
observed,  consequent  on  the  suppression  of  the  sound  from  alten 
sectors;  but  if  the  card-board  disk  be  turned  through  the  widtl 
balf  a  sector,  the  effect  no  longer  occurs.  If  the  card  is  made 
rotate  rapidly  in  a  continuous  manner,  the  alternations  of  loudi 
will  form  a  series  of  beats. 

It  is  for  a  similar  reason  that,  when  a  large  bell  is  vibratin, 
person  in  its  centre  hears  the  sound  as  only  moderately  loud,  w 
within  a  short  distance  of  some  portions  of  the  edge  the  loudneE 
intolerable. 

644.  Interferenoe  of  Direct  and  Befleoted  Waves.  Nodes  and  A 
DodsB. — Interference  may  also  occur  between  undulations  travellin 
opposite  directions ;  for  example,  between  a  direct  and  a  reflected  : 
tem.  When  waves  proceeding  along  a  tube  meet  a  rigid  obstacle,  fo 
ing  a  cross  section  of  the  tube,  they  are  reflected  directly  back  ag 
'he  motion  of  any  particle  close  to  the  obstacle  being  compounde< 
•bat  due  to  the  direct  wave,  and  an  equal  and  opposite  motion 
o  the  reflected  wave.  The  reflected  waves  are  in  fact  the  imi 
with  reference  to  tbe  olstacle  regarded  as  a  plane  mirror)  of 
vaves  which  -would  exist  in  the  prolongation  of  the  tube  if 
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obstacle  were  withdrawn.  At  the  distance  of  half  a  wav&-lengiih 
from  the  obstacle  the  motions  due  to  the  direct  and  reflected  waves 
will  accordingly  be  equal  and  opposite,  so  that  the  partides  ataated 
at  this  distance  will  be  permanently  at  rest ;  and  the  same  is  trae  at 
the  distance  of  any  number  of  half  wave-lengths  firom  the  ohstade 
The  air  in  the  tube  will  thus  be  divided  into  a  number  of  vibrating 
segments  separated  by  nodal  planes  or  cross  sections  of  no  vibra- 
tion arranged  at  distances  of  half  a  wave-length  apart  One  of  these 
nodes  is  at  the  obstacle  itself.  At  the  centres  of  the  vibrating  seg- 
ments— ^that  is  to  say,  at  the  distance  of  a  quarter  wave-length  plus 
any  number  of  half  wave-lengths  from  the  obstacle  or  firom  any  node 
1 — ^the  velocities  due  to  the  direct  and  reflected  waves  will  be  equal 
and  in  the  same  direction,  and  the  amplitude  of  vibration  will  ac- 
cordingly be.  double  of  that  due  to  the  direct  wave  alone.  Th^ 
are  the  sections  of  greatest  disturbance  as  r^ards  change  of  place. 
We  shall  call  them  antinodes.  On  the  other  hand,  it  is  to  be  remem- 
bered that  motion  with  the  direct  wave  is  motion  against  the  re- 
flected waves,  and  vice  versa,  so  that  (§  632)  at  points  where  tk 
velocities  due  to  both  have  the  same  absolute  direction  they  oone- 
spond  to  condensation  in  the  case  of  one  of  these  undulations,  aod  io 
rarefaction  in  the  case  of  the  other.  Accordingly,  these  sedaonsaf 
maximum  movement  are  the  places  of  no  change  of  density;  and  on 
the  other  hand,  the  nodes  are  the  places  where  the  changes  of  deodty 
are  greatest  If  the  reflected  undulation  is  feebler  than  the  direct 
one,  as  will  be  the  case,  for  example,  if  the  obstacle  is  only  impa- 
fectly  rigid,  the  destruction  of  motion  at  the  nodes  and  of  change  of 
density  at  the  antinodes  will  not  be  complete;  the  former  will  merely 
be  places  of  minimum  motion,  and  the  latter  of  minimum  change  of 
density. 

Direct  experiments  in  verification  of  these  principles,  a  wall  bemg 
the  reflecting  body,  were  conducted  by  Savart,  and  aJso  by  Seebect 
the  latter  of  whom  employed  a  testing  apparatus  called  the  acoi^ 
pendulum.  It  consists  essentially  of  a  small  membrane  stretched  in 
a  frame,  from  the  top  of  which  hangs  a  very  light  pendulum,  with  its 
bob  resting  against  the  centre  of  the  membrane.  In  the  middle  por- 
tions of  the  vibrating  segments  the  membrane,  moving  with  the  air 
on  its  two  faces,  throws  back  the  pendulum,  while  it  remainfi  neariv 
free  from  vibration  at  the  node& 

Begnault  made  extensive  use  of  the  acoustic  pendulum  in  his  ex- 
periments on  the  velocity  of  sound.     The  pendulum,  when  thrown 
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back  by  tbe  membrane,  completed  an   elecbic   circuit,  and 
effected  &  record  of  the  instant  when  the  Bound  arrived. 

844a.  Beats  Prodnoed  by  Interferenoe. — When  two  notes,  n 
are  Dot  quite  in  unison,  are  sounded  together,  a  peculiar  palpiti 
effect  is  produced ; — we  hear  a  series  of  bursts  of  sound,  with  i 
Tais  of  comparative  silence  between  them.  The  bursts  of  sounc 
called  beats,  and  the  notes  are  said  to  heat  together.  If  we  havi 
pover  of  tuning  one  of  the  notes,  we  shall  find  that  as  the< 
brought  more  nearly  into  unison,  the  beats  become  slower,  and 
as  tbe  departure  from  unison  is  increased,  the  beats  become  ] 
rapid,  till  tbey  degenerate  first  into  a  rattle,  and  then  into  a  disi 
Tbe  effect  is  most  striking  with  deep  notea 

These  beats  are  completely  explained  by  the  principle  of  inte 
ence.  As  the  wave-lengths  of  the  two  notes  are  slightly  difie: 
while  the  velocity  of  propagation  is  the  same,  the  two  systen 
waves  will,  in  some  portions  of  their  course,  agree  in  phase,  and 
strengthen  each  other;  while  in  other  parts  they  will  be  opposi' 
phase,  and  will  thus  destroy  each  other.  Let  one  of  the  note! 
example,  have  100  vibrations  per  second,  and  tbe  other  101.  T 
if  we  start  from  an  instant  when  tbe  maxima  of  condensation  : 
the  two  sources  reach  the  ear  together,  the  next  such  conjun( 
will  occur  exactly  a  second  later.  During  the  interval  one  of 
systems  of  waves  has  been  gradually  &lling  behind  the  other,  til 
the  end  of  the  second,  the  loss  has  amounted  to  one  wave-lei 
At  the  middle  of  the  second  it  will  have  amounted  to  half  a  w 
length,  and  the  two  sounds  will  destroy  each  other.  We  shall 
have  one  beat  and  one  extinction  in  each  second,  as  a  consequ 
of  the  fact  that  the  higher  note  baa  made  one  vibration  more  ' 
the  lower.  In  general,  the  frequency  of  beats  is  the  difierenc 
the  fretjneocies  of  vibration  of  tbe  beating  notes. 


Kon  A.    s  S32- 

Tliat  tlia  pnrtideB  which  %re  moving  forwud  are  in  B  itste  ot  compnaBioi],  tni 
•liciini  in  the  following  vay: — Consider  an  imaginary  etoas  section  tnvelling  fo: 
(hroagh  the  tabe  vith  the  lome  Telodty  as  the  nndoUtion.  Coll  this  Tolodty  v,  ui 
TOlocity  of  any  partiids  of  air  u.  Also  let  tbe  density  of  any  pudde  be  denoted 
Then  u  and  p  remain  oonstant  for  the  imaginary  moving  seotion,  and  the  mau  of  air ' 
it  tiKTanea  in  its  motion  per  nnit  time  ia  {v  —  u)p.  As  there  is  no  penoanent  trana 
air  in  dtber  direction  throagh  the  tube,  the  man  tbua  traTened  must  be  the  tame 
tbe  ur  ireie  at  nrt  at  ita  natural  density,     Hence  the  value  of  {B~n)ph  the  san 


814  PRODUCTION  AND   PROPAGATION  OF  SOUND. 

all  crofls  sections ;  whence  it  follows,  that  where  u  is  greatest  p  must  be  greatest  and 
where  u  is  negative  p  is  less  than  the  natural  density. 

If  p0  denote  the  natural  density,  we  have  {v  -  u)  pz^vp^  whence^=^^^;  that  is  to  nj, 

V        p 

ike  rxUio  of  the  velocity  of  a  particle  to  the  velocity  of  ike  wndvdaUon  u  equal  to  iJu  eondoi- 

eation  existing  at  the  particle.    If  u  is  negative — that  is  to  say,  if  the  velocity  be  retrognde 

— ^its  ratio  to  v  is  a  measure  of  the  rarefaction. 

From  this  principle  we  may  easily  derive  a  formula  for  the  velodty  of  aoond,  besnng  a 
mind  that  u  is  always  very  small  in  comparison  with  v,  and  that  consequently  the  ntb  of 
pto  PqIB  very  nearly  unity. 

For,  consider  a  thin  lamina  of  air,  whose  natural  thickness  is  dx,  and  let  8  p  and  8p  be 
the  differences  between  the  densities  and  pressures  respectively  on  its  two  fac«.    Then  tk 

equation  above  investigated  leads  to  the  condition--^  =  — •    But  the  time  which  tbe  nwr- 

Bp       p 

ing  section  occupies  in  traversing  the  lamina  is  approximately  — 9  and  in  this  timefk 

V 

velocity  of  the  lamina  changes  by  the  amount  du.     The  force  producing  this  diange  ot 

velocity  is  Sp,  otl'il-^ip,  and  must  be  equal  to  the  quotient  of  change  of  mamentina  )k 

P 

time,  that  is  to/}8«.$u-i-— or  to/)v  du.    Hence --^^  1-41-^.    Equating  tliii  to  tfae 

V  Op  p  V 

other  eicpression  for  --^  we  have 

op 

•  =  l-41-|L,t^==1.41-P. 

p  f^V  p 

This  investigation  is  due  to  Professor  Bankine,  PhU,  TioMt,  1869. 


KoTB  B.    §  635. 

The  following  is  the  usual  investigation  of  the  velocity  of  transmismon  of  sound  timcgk 
a  uniform  tube  filled  with  air,  friction  being  neglected :  Let  x  denote  the  oiiginal  distaoe 
of  a  particle  of  air  from  the  section  of  the  tube  at  which  the  sound  originates,  sad  x+y  A 
distance  at  time  t,  so  that  y  is  the  displacement  of  the  particle  from,  the  position  of  f/fS^ 
brium.  Then  a  particle  which  was  originally  at  distance  x+dx  will  at  tinie  fbeat  ^ 
diBtance  x  +  Sx  +  y+By;  and  the  thickness  of  the  intervening  lamina,  which  was  or^iiai? 

Bx,  la  now  Sx  +  Sy.     Its  compression  is  therefore  -  -^  or  ultimately  —  -^,  and  if  F  decflte 

ox  ax 

the  original  pressure,  the  increase  of  pressure  is  - 1  'il  P--=-^.    The  exoea  of  yamsn 

ax 

behind  a  lamina  Bx  above  the  pressure  in  front  is  -,-fl*41  P-r-^'^  dx,  or  I'il  P  -rr^'' 

ax^  ax^  dr 

and  if  D  denote  the  original  density  of  the  air,  the  acceleration  of  the  lamina  will  betk 

quotient  of  this  expression  by  "D.Bx,    But  this  acceleration  is  -=-^,     Hence  we  Yam  Ak 

ar 

equation 

<Py  _....  P  cPy  . 

di?  Ddar'* 

the  int^iral  of  which  is 

y=F(x-v<)+/ («+««); 


where  v  denotes      /l*41  =^1  and  F,  /  denote  any  functions  whatevei; 


TRANSJnSSION  OP  SOtWD. 

nu  t«tm  P  (b  -  » ()  repreaenta  >  wai e,  of  the  form  y  =  F  («),  tnTelling  to 
n^tjD;forUhM  tlienuiieTBluaforf,  +lt  tndx,+v.  SI  as  for  t,  ukd  z, 
fl^-i-tttnpreaeatt  t  wato,  of  tha  foim  y=f  (x),  tiaTeUiiig  backwwdl  wi 

la  order  to  adapt  tbis  inTestdgatioa,  w  well  ai  that  giveii  in  Note  A,  to  the 
of  Iimgittidinal  Tibntioai  tbrougli  anj  elaitio  material,  irheUier  aolid,  liquid,  oi 
bAT«  merely  to  introdnoe  E  in  the  pUca  of  I'll  P,  E  denoting  the  ooeffident 
of  the  nitatanoc^  as  defined  by  the  oonditioQ  that  •  oompieBVon-v^  U  produce 
(perunitareajof  E^' 
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645.  Qualities  of  Musical  Sound. — Musical  tones  differ  one  from 
another  in  respect  of  three  qualities ; — loudness,  pitch,  and  character. 

Loudness. — ^The  loudness  of  a  sound  considered  subjectively  is  the 
intensity  of  the  sensation  with  which  it  affects  the  organs  of  heariDg. 
Regarded  objectively,  it  depends,  in  the  case  of  sounds  of  the  same 
pitch  and  character,  upon  the  energy  of  the  aerial  vibrations  in  the 
neighbourhood  of  the  ear,  and  is  proportional  to  the  square  of  the 
amplitude. 

Our  auditory  apparatus  is,  however,  so  constructed  as  to  be  mn 
susceptible  of  impression  by  sounds  of  high  than  of  low  pitcL  A 
bass  note  must  have  much  greater  energy  of  vibration  than  a  tretie 
note,  in  order  to  strike  the  ear  as  equally  loud.  The  intensity  of 
sonorous  vibration  at  a  point  in  the  air  is  therefore  not  an  absolute 
measure  of  the  intensity  of  the  sensation  which  will  be  received  by 
an  ear  placed  at  the  point. 

The  word  loud  is  also  frequently  applied  to  a  source  of  sound,  as 
when  we  say  a  loud  voice,  the  reference  being  to  the  loudness  as 
heard  at  a  given  distance  from  the  source.  The  diminution  of  loud- 
ness with  increase  of  distance  according  to  the  law  of  inverse  square 
is  essentially  connected  with  the  proportionality  of  loudness  to  square 
of  amplitude. 

Pitch. — Pitch  is  the  quality  in  respect  of  which  an  acute  sound 
differs  from  a  grave  one ;  for  example,  a  treble  note  from  a  bass  note. 
All  persons  are  capable  of  appreciating  differences  of  pitch  to  some 
extent,  and  the  power  of  forming  accurate  judgments  of  pitch  con- 
stitutes what  is  called  a  musiccLl  ear. 

Physically,  pitch  depends  solely  on  frequency  of  vibration,  that 
is  to  say,  on  the  number  of  vibrations  executed  per  unit  time^    In 
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ordiDuy  mrcumstances  thia  frequeacj  is  the  same  for  tlie  soun 
sound,  the  medium  of  traDSmissioD,  and  the  drum  of  the  ear  of 
peraiD  hearing;  and  in  general  the  traDsmiBsion  of  vibrations  t 
one  body  or  medium  to  another  produces  no  change  in  their 
quency.  The  second  is  universally  employed  as  the  unit  of  tim 
IreaUng  of  sonorous  vibrations;  so  that  frequency  means  numbe 
vibrations  per  second.  Increase  of  frequency  corresponds  to  el 
tioa  of  pitch. 

Period  and  frequency  are  reciprocals.  For  example,  if  the  pe 
of  each  vibration  is  y^  of  a  second,  the  number  of  vibrations 
second  is  100.  Period  therefore  is  an  absolute  measure  of  pitch, 
the  longer  the  period  the  lower  is  the  pitch. 

The  wave-length  of  a  note  in  any  medium  is  the  distance  w1 
sound  travels  in  that  medium  during  the  period  corresponding  to 
note.  Hence  wave-length  may  be  taken  as  a  measure  of  pitch, 
Tided  the  medium  be  given ;  but,  in  passing  from  one  mediun 
another,  wave-length  varies  directly  as  the  velocity  of  sound, 
wave-length  of  a  given  note  in  air  depends  upon  the  temperatui 
the  air,  and  is  shortened  in  transmission  from  the  heated  air  < 
concert-room  to  the  colder  aii-  outside,  while  the  pitch  undergoe 
ciiang& 

If  we  compare  a  series  of  notes  rising  one  above  another  by  v 
tQusicians  n^ard  as  equal  differences  of  pitch,  their  frequencies 
not  be  equidifferent,  but  will  form  an  increasing  geometrical 
gression,  and  their  periods  (and  wave-lengths  in  a,  given  medi 
will  form  a  decreasing  geometrical  progression. 

Character. — Musical  sounds  may,  however,  be  alike  as  regards  p 
and  loudness,  and  may  yet  be  easily  distinguishable.  We  spea 
the  quality  of  a  singer's  voice,  and  the  tone  of  a  musical  instrum 
and  we  characterize  the  one  or  the  other  Bs  rich,  sweet,  or  mel 
OD  the  one  hand;  or  as  poor,  harsh,  nasal,  &«,  on  the  other.  T 
epithets  are  descriptive  of  what  musicians  call  timbre — a  Frt 
word  literally  signifying  stamp.  German  writers  on  acoustics  dei 
tiie  same  quality  by  a  term  signifying  sound-tint.  It  might  equ 
"■ell  be  called  sound-flavour.  "We  adopt  character  as  the 
English  designation. 

Physically  considered,  as  wave-length  and  wave-ainplitude 
mder  the  two  previous  heads,  ckatucter  must  depend  upon  the  < 
^maining  point  in  which  aerial  waves  can  differ — namely,  t 
by  this  term  the  law  according  to  which  the  v 
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cities  and  densities  change  from  point  to  point  of  a  wave.  This 
subject  will  be  more  fully  treated  in  Chapter  IvL  Every  musical 
sound  is  more  or  less  mingled  with  non-musical  noises,  sadi  as  puffing, 
scraping,  twanging,  hissing,  rattling,  &G.  These  are  not  compre- 
bended  under  tMre  or  character  in  the  usage  of  the  hest  writers 
on  acoustics.  The  gradations  of  loudness  which  characterize  the 
commencement^  progress,  and  cessation  of  a  note,  and  upon  which 
musical  effect  often  greatly  depends,  are  likewise  excluded  fiom  this 
designation.  In  distinguishing  the  sounds  of  different  musical  in- 
struments, we  are  often  guided  as  much  by  these  gradations  and 
extraneous  accompaniments  as  by  the  character  of  the  musical  tones 
themselves. 

646.  Hasical  Intervals. — When  two  notes  are  heard,  either  simul- 
taneously or  in  succession,  the  ear  experiences  an  impression  of  a 
special  kind^  involving  a  perception  of  the  relation  existing  betweep 
them  as  regards  difference  of  pitch.  This  impression  is  often  recog- 
nized as  identical  where  absolute  pitch  is  very  different^  and  we 
express  this  identity  of  impression  by  saying  that  the  miLaioal  inter- 
val is  the  same. 

Each  musical  interval,  thus  recognized  by  the  ear  as  constitatii^ 
a  particular  relation  between  two  notes,  is  found  to  correspond  to » 
particular  ratio  between  their  frequencies  of  vibration.  Thus  the 
octave,  which  of  all  intervals  is  that  which  is  most  easily  recognized 
by  the  ear,  is  the  relation  between  two  notes  whose  frequ^runti^ 
as  1  to  2,  the  upper  note  making  twice  as  many  vibrations  as  tbe 
lower  in  any  given  time. 

It  is  the  musician's  business  so  to  combine  sounds  as  to  awaken 
emotions  of  the  peculiar  kind  which  are  associated  with  works  of 
art.  In  attaining  this  end  he  employs  various  resources,  but  musieal 
intervals  occupy  the  foremost  place.  It  is  upon  the  judicioiB  employ- 
ment of  these  that  successful  composition  mainly  dependa 

647.  Qamut.— The  gd/mvt  or  diatonic  scale  is  a  series  of  right 
notes  having  certain  definite  relations  to  one  another  as  regards  fi^ 
quency  of  vibration.  The  first  and  last  of  the  eight  are  at  an  inter- 
val of  an  octave  from  each  other,  and  are  called  by  the  same  name: 
and  by  taking  in  like  manner  the  octaves  of  the  other  notes  w 
the  series,  we  obtain  a  repetition  of  the  gamut  both  upwards  and 
downwards,  which  may  be  continued  over  as  many  octaves  as  we 
please. 

The  notes  of  the  gamut  are  usually  called  by  the  names 


■V-V^r 


THE  GAMUT.  819 

Do        Be        Mi         Fa         Sol        La        Si  Do, 

and  their  vibration-frequencies  are  proportional  to  the  numbers 
1        *        i-        *        J        4         V  2 

or,  clearing  fractious,  to 

24        27         80         82         36         iO  45  48 

• 

The  intervals  from  Do  to  each  of  the  others  in  order  are  called  a 
second,  a  major  third,  a  fourth,  a  fifth,  a  sixth,  a  seventh,  and  an 
octave  respectively.  The  interval  from  La  to  Do,  is  called  a  minor 
third,  and  is  evidently  represented  by  the  ratio  \, 

The  interval  from  Do  to  Re,  from  Fa  to  Sol,  or  from  La  to  Si,  is 
represented  by  the  ratio  f ,  and  is  called  a  major  tone.  The  interval 
from  Re  to  Mi,  or  from  Sol  to  La,  is  represented  by  the  ratio  V,  and 
is  called  a  minor  tone.  The  interval  from  Mi  to  Fa,  or  from  Si  to 
Do,,  is  represented  by  the  ratio  -ff ,  and  is  called  a  limma.  As  thQ 
square  of  ^  is  a  little  gi'eater  than  ^,  a  limma  is  rather  more  than 
half  a  major  tone. 

The  intervals  between  the  successive  notes  of  the  gamut  are  ac- 
cordingly represented  by  the  following  ratios^:— 

Do        Re         Mi  Fa         Sol  La  Si  Do. 

Do  (with  all  its  octaves)  is  called  the  key-note,  or  simply  the  key,  of 
the  piece  of  music,  and  may  have  any  pitch  whatever.  In  order  to 
ohtain  perfect  harmony,  the  above  ratios  should  be  accurately  main- 
tained whatever  the  key-note  may  be. 

648.  Tempered  Gamut. — A  great  variety  of  keys  are  employed  in 
niusic,  and  it  is  a  practical  impossibility,  at  all  events  in  the  case  of 
instruments  like  the  piano  and  organ,  which  have  only  a  definite  set 
of  notes,  to  maintain  these  ratios  strictly  for  the  whole  range  of  pos- 
ahle  key-notes.  Compromise  of  some  kind  becomes  necessary,  and 
different  systems  of  compromise  are  called  different  temperaments  or 
different  modes  of  temperament  The  temperament  which  is  most 
in  favour  in  the  present  day  is  the  simplest  possible,  and  is  called 
fqual  tennperament,  because  it  favours  no  key  above  another,  but 
niakes  the  tempered  gamut  exactly  the  same  for  all.     It  ignores  the 

^  The  logarithmic  differenoes,  which  are  accurately  proportional  to  the  intervals,  are. 
^proximately  as  under,  omitting  superfluous  zeros. 

Do        Re        Mi        Fa        Sol        La        Si        Do 
51         46        28        51  46         51        2S 
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differeDce  between  major  and  minor  tones,  and  makes  the  limma 
exactly  half  of  either.  The  interval  from  Do  to  Do,  is  thus  divided 
into  5  tones  and  2  semitones,  a  tone  being  ^  of  an  octave,  and  a 
semitone  ^  of  an  octava  The  ratio  of  frequencies  coiresponding  to 
a  tone  will  therefore  be  the  sixth  root  of  2,  and  for  a  semitone  it  will 
be  the  12th  root  of  2. 

The  difference  between  the  natural  and  the  tempered  gamut  for  the 
key  of  C  is  shown  by  the  following  table,  which  gives  the  number 
of  complete  vibrations  per  second  for  each  note  of  the  middle  octave 
of  an  ordinary  piano: — 


Tempoed  Gamat. 

NatOTftl.  Ganrai. 

Tsmpend  Gamut  KatanLGasA 

c 

.     .       258-7 

2587 

G 

.     .     887-6             88S-0 

D 

.     .       290-8 

291-0 

A 

.     .     4350              4811 

E 

.     .       825-9 

823-4 

B 

.    .      488-2              4S5-0 

F 

.     .       845-3 

841-9 

C 

.    .      517-3             517-3 

The  absolute  pitch  here  adopted  is  that  of  the  Paris  Conservat(»re 
and  is  fixed  by  the  rule  that  A  (the  middle  A  of  a  piano,  or  the  A 
string  of  a  violin)  is  to  have  435  complete  vibrations  per  second  in 
the  tempered  gamut.  This  is  rather  lower  than  the  conoeit-pitHi 
which  has  prevailed  in  this  country  in  recent  years,  but  is  proUfclj 
not  so  low  as  that  which  prevailed  in  the  time  of  HandeL  It^ 
be  noted  that  the  number  of  vibrations  corresponding  to  C  is  ap- 
proximately equal  to  a  power  of  2  (256  or  512).  Any  power  of* 
accordingly  expresses  (to  the  same  degree  of  approximation]  tie 
number  of  vibrations  corresponding  to  one  of  the  octaves  of  C 

The  Stuttgard  congress  (1834!)  recommended  528  vibrations  per 
second  for  Q  and  the  C  tuning-forks  sold  under  the  sanction  of  tbt 
Society  of  Arts  are  guaranteed  to  have  this  pitch.  By  multiplying 
the  numbers  24,  27  .  .  .  48,  in  §  647,  by  11,  we  shall  obtain  tlie 
frequencies  of  vibration  for  the  natural  gamut  in  C  corresponding  t*' 
this  standard.  What  is  generally  called  C07icert-pitch  gives  Cat-oat 
538.  The  C  of  the  Italian  Opera  is  546.  Handel  s  C  is  said  to  bvt 
been  49H. 

649.  Limits  of  Pitch  employed  in  Maefic. — The  deepest  oote  le 
gularly  employed  in  music  is  the  C  of  32  vibrations  per  seconi 
which  is  emitted  by  the  longest  pipe  (the  16-foot  pipe)  otW^ 
organs.  Its  wave-length  in  air  at  a  temperature  at  which  the  rel^ 
city  of  sound  is  1120  feet  per  second,  is  4fi?  =  35  feet  The  higbest 
note  employed  seldom  exceeds  A,  the  third  octave  of  the  A  above 
defined     Its  number  of  vibrations  per  second  is  435  X  £*=3480,  ana 
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its  wave-length  in  air  is  about  i  ioches.  Above  this  limil 
difficult  to  appreciate  pitch,  but  notes  of  at  least  ten  times  thie 
ber  of  vibrations  are  audible. 

The  average  compass  of  the  human  voice  is  about  two  w 
The  deep  F  of  a  baes-Binger  has  87,  and  the  upper  Q  of  the 
775  vibrationa  per  second.  Voices  which  exceed  either  of 
limits  are  regarded  as'deep  or  high,  though  a  few.voices  exceed 
to  (be  extent  of  nearly  an  octave. 

6S0.  Minor  Soole  and  Pythagorean  Scale. — The  interval  exp 
bj  the  ratio  -ff  is  called  a  diesU,  and  the  interval  |^  is  ca 
amma.  The  former  is  the  difference  between  a  limma  and  a 
(ooe,  the  latter  is  the  difference  between  a  minor  and  a  majoi 
The  signs  $  and-b  (sharp  and  flat)  appended  to  a  note  indicate, 
strictly  understood,  that  it  is  to  be  raised  or  lowered  by  the  ai 
of  a  diesis.  The  major  scale  or  gamut,  as  above  given,  is  mi 
iatbe  following  way  ta obtain  the  minor  scale: — 

Do        Rti        Mib        F»        Sal        Lab        Sib        Do, 

the  numbers  in  the  second  line  being  the  ratios  which  represe: 
intervals  between  the  successive  notes. 

It  is  worthy  of  note  that  Pythi^ras,  who  was  the  first  to  at 
tlie  numerical  evaluation  of  musical  intervals,  laid  down  a  scht 
values  slightly  different  from  that  which  is  now  generally  ad 
According  to  him,  the  intervals  between  the  successive  notes  i 
miijor  scale  are  as  follows: — 

Do  Ba  Mi  F»  Sol  L>  Si  Do 

*      f      iH     i       i      ^     m 

This  scheme  agrees  exactly  with  the  common  system  aa  regar 
values  of  the  fourth,  fifth,  and  octave,  and  makes  the  values  i 
major  third,  the  sixth,  and  the  seventh  each  greater  by  a  cc 
while  the  small  interval  from  ■mi  to  fa,  or  from  ffi  to  do,  is  dimii 
by  a  comma.  In  the  ordinary  system,  the  prime  numbers 
enter  the  ratios  are  2,  3,  and  5;  in  the  Pythagorean  system  thi 
only  2  and  3;  hence  the  interval  between  any  two  notes  < 
Pj'thagorean  scale  can  be  expressed  as  the  sum  or  differenc 
certain  number  of  octaves  and  fifths.  In  tuning  a  violin  by  m 
the  intervals  between  the  strings  true  fifths,  the  Pyth^orean  si 
is  virtually  employed. 
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661.  Methods  of  Conntiag  TibrationB.  Siren.— The  imtmnwDt 
which  is  chiefly  employed  for  couotiog  the  namber  of  vibrations 
correBpoDdiDg  to  a  given  note,  is  called  the  ^/ren,  and  wu  devised 
by  Oagniard  de  Latour.  It  is  represented  in  Figs.  583,  584,  the 
former  being  a  front,  and  the  latter  a  back  view. 

There  is  a  small  wind-chest,  nearly  cylindrical,  having  iU  top 
pierced  with  fifteen  hdles,  disposed  at  equal  distances  ronnd  the 
circumference  of  a  circla  Just  over  this,  and  nearly  touchu^  it,  a 
a  movable  circular  plate,  pierced  with   the  same  number  of  bob 


eimilarly  arranged,  and  so  mounted  that  it  can  rotate  veiy  M;    \ 
about  its  centre,  carrying  with  it  the  vertical  axis  to  wbicb  il  ■>    I 
attached.     This  rotation  is  effected  by  the  acUoa  of  the  wind,  whkt    ; 
enters  the  wind-chest  ft-om  below,  and  escapes  through  the  hd& 
The  form  of  the  holes  is  shown  by  the  section  in  Fig.  £84.    They  do 
not  pass  perpendicularly  through  the  plates,  but  slope  contrarymyi 
so  that  the  air  when  forced  through  the  holes  in  the  lower  plw 
impinges  upon  one  aide  of  the  holes  in  the  upper  plate,  and  thu-- 
blows  it  round  in  a  definite  direction.     The  instrument  is  driven  bv 
means  of  the  bellows  shown  in  Fig.  695  (§  664).     As  the  rotation  of 
one  plate  upon  the  other  causes  the  holes  to  be  alternately  opent^ 
and  closed,  the  wind  escapes  in  successive  pufis,  whose  freqnracy 
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depends  upon  the  rate  of  rotation.     Hence  a  note  is  emitted  which 
rises  in  pitch  as  the  rotation  becomes  more  rapid. 

The  siren  will  sound  under  water,  if  water  is  forced  through  it 
instead  of  air;  and  it  was  from  this  circumstance  that  it  derived  its 
name. 

In  each  revolution,  the  fifteen  holes  in  the  upper  plate  come 
opposite  to  those  in  the  lower  plate  15  times,  and  allow  the  com- 
pressed air  in  the  wind-chest  to  escape;  whUe  in  the  intervening 
positions  its  escape  is  almost  entirely  prevented.  Each  revolution 
thus  gives  rise  to  15  vibrations;  and  in  order  to  know  the  number 
of  vibrations  corresponding  to  the  note  emitted,  it  is  only  necessary 
to  have  a  means  of  counting  the  revolutions. 

This  is  furnished  by  a  counter,  which  is  represented  in  Fig.  584. 
The  revolving  axis  carries  an  endless  screw,  driving  a  wheel  of  100 
teeth,  whose  axis  carries  a  hand  traversing  a  dial  marked  with  100 
divisions.  Each  revolution  of  the  perforated  plate  causes  this  hand 
to  advance  one  division.  A  second  toothed-wheel  is  driven  inter- 
mittently by  the  first,  advancing  suddenly  one  tooth  whenever  the 
hand  belonging  to  the  first  wheel  passes  the  zero  of  its  scale.  This 
second  wheel  also  carries  a  hand  traversing  a  second  dial ;  and  at 
each  of  the  sudden  movements  just  described  this  hand  advances  one 
division.  Each  division  accordingly  indicates  100  revolutions  of  the 
perforated  plate,  or  1500  vibrations.  By  pushing  in  one  of  the  two 
buttons  which  are  shown,  one  on  each  side  of  the  box  containing 
the  toothed-wheels,  we  can  instantaneously  connect  or  disconnect 
the  endless  screw  and  the  first  toothed-wheeL 

In  order  to  determine  the  number  of  vibrations  corresponding  to 
any  given  sound  which  we  have  the  power  of  maintaining  steadily, 
we  fix  the  siren  on  the  bellows,  the  screw  and  wheel  being  dis- 
connected, and  drive  the  siren  until  the  note  which  it  emits  is  judged 
to  be  in  unison  with  the  given  note.  We  then,  either  by  regulating 
the  pressure  of  the  wind,  or  by  employing  the  finger  to  press  with 
more  or  less  finction  against  the  revolving  axis,  contrive  to  keep  the 
note  of  the  siren  constant  for  a  measured  interval  of  time,  which  we 
observe  by  a  watch.  At  the  commencement  of  the  interval  we  sud- 
denly connect  the  screw  and  toothed- wheel,  and  at  its  termination 
we  suddenly  disconnect  them,  having  taken  care  to  keep  the  siren 
in  unison  with  the  given  soimd  during  the  interval.  As  the  hands 
do  not  advance  on  the  dials  when  the  screw  is  out  of  connection  with 
the  wheels^  the  readings  before  and  after  the  measured  interval  of 
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time  can  be  taken  at  leisura  Each  reading  consists  of  foar  fignieg, 
indicating  the  number  of  revolutions  from  the  zero  pouUon,  nnib 
and  tens  being  read  off  on  the  first  dial,  and  hundreds  and  tiionnoda 
on  the  second.  The  difference  of  tin  two  readings  is  the  nnmbei  of 
revolutions  made  in  the  measured  interval,  and  when  multiplied  by 
15  ^ves  the  number  of  vibrations  in  the  interval,  whence  the  nam- 
ber  of  vibrations  per  second  is  computed  by  division. 

652.  Qrapbia  Method. — In  the  hands  of  a  skilful  operator,  viih  t 
good  musical  ear,  the  siren  is  capable  of  yielding  very  accurate  deter- 
minations, especially  if,  by  adding  or  subtracting  the  number  of  beitE, 


correction  be  made  for  any  slight  difference  of  pitch  between  d* 
siren  and  the  note  under  investigation. 

The  vibrations  of  a  tuning-fork  can  be  counted,  without  the  ui 
of  the  siren,  by  a  graphical  method,  which  does  not  call  for  any  eier- 
cise  of  musical  judgment,  but  simply  involves  the  performance  of  i 
mechanical  operation. 

The  tuning-fork  is  fixed  in  a  horizontal  position,  aa  shown  in  Fig. 
585,  and  has  a  light  style,  which  may  be  of  brass  wire,  quill,  <" 
bristle,  attached  to  one  of  its  prongs  by  wax.  To  receive  the  troK 
a  piece  of  smoked  paper  is  gummed  round  a  cylinder,  which  an  be 
turned  by  a  handle,  a  screw  cut  on  the  axis  causing  it  at  the  same 
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4  vibrations  per  second.  The  lowest  of  the  series  makes  256  vibra- 
tions, and  the  highest  512,  thus  completing  an  octave.  Any  note 
within  this  range  can  have  its  vibration-frequency  at  once  deter- 
mined, with  great  accuracy,  by  making  it  sound  simultaneously  wiUi 
the  fork  next  above  or  below  it,  and  counting  beats. 

With  the  aid  of  this  instrument,  a  piano  can  be  tuned  with  cer- 
tainty to  any  desired  system  of  temperament,  by  first  tuning  the 
notes  which  come  within  the  compass  of  the  tonometer,  and  then 
proceeding  by  octavea 

In  the  ordinary  methods  of  tuning  pianos  and  organs^  tempera- 
ment is  to  a  great  extent  a  matter  of  chance;  and  a  tuner  cannot 
attain  the  same,  temperament  in  two  successive  attempts. 

653  a.  Pitch  modified  by  Belative  Motion. — ^We  have  stated  in  §645 
that,  in  ordinary  circumstances,  the  frequency  of  vibration  in  tbe 
source  of  sound,  is  the  same  as  in  the  ear  of  the  listener,  and  in  tbe 
intervening  medium.  This  identity,  however,  does  not  hold  if  the 
source  of  sound  and  the  ear  of  the  listener  are  approaching  or 
receding  from  each  other.  Approach  of  either  to  the  other  prodooes 
increased  frequency  of  the  pulses  on  the  ear,  and  consequent  elevatioD 
of  pitch  in  the  sound  as  heard;  while  recession  has  an  opposite efet 
Let  n  be  the  number  of  vibrations  performed  in  a  second  byth 
source  of  the  sound,  v  the  velocity  of  sound  in  the  medium,  and  a 
the  relative  velocity  of  approach.  Then  the  number  of  waves  wbidi 
reach  the  ear  of  the  listener  in  a  second,  will  be  n  plus  the  numbs 
of  waves  which  cover  a  length  a,  that  is  (since  n  waves  cover  & 

length  v),  will  be  n+~n  or  —^  n. 

If  the  motion  considered  be  simply  that  of  the  listener,  themediom 
and  the  source  being  at  rest  relatively  to  each  other,  the  case  is  ex- 
tremely clear,  being  analogous  to  that  of  a  ship  sailing  in  soch  a 
direction  as  to  meet  the  waves  of  the  sea.  If,  on  the  other  hand,  tbe 
listener  is  at  rest  relatively  to  the  medium,  while  the  source  is  ad- 
vancing through  it,  this  advance  shortens  the  wave-lengths  in  tbe 

medium,  in  the  ratio  -^-,  without  altering  the  velocity  of  propaga- 
tion. The  frequency  of  vibration  of  the  particles  of  the  medium, 
being  equal  to  velocity  divided  by  wave-length,  is  accordingly  i»- 

creased  in  the  ratio  -— .     It  may  be  remarked  that,  in  this  case. 

there  is  a  corresponding  diminution  of  frequency  of  vibration  in 
that  part  of  the  medium  which  lies  behind  the  source.    Different 
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portions  of  the  medium  will  in  tact  vibrate  with  all  fr 
intermediate  between  ~^  n  and  ^"  n. 

If  the  listener  and  the  source  are  at  rest  relatively  to  ei 
but  the  medium  is  flowing  from  bim  to  the  source  with  v 
the  particles  of  the  medium  which  flow  past  him  will  vib 
the  frequency  —^  n,  but  the  waves  will  pass  bim  with 
natural  frequency  n. 

Careful  observation  of  the  sound  of  a  railway  whistle,  as  a 
train  dashes  post  a  station,  has  confirmed  the  fact  that  the 
heard  by  a  person  standing  at  the  station  is  higher  while 
is  approaching  than  when  it  is  receding.  A  speed  of  about 
an  hour  will  sharpen  the  note  by  a  semitone  in  approacl 
flatten  it  by  the  same  amount  in  receding,  the  natural  pil 
beard  at  the  instant  of  passing.^ 

*  Th«  best  obaemtioni  of  this  kind  wers  thow  of  Ba;i  Ballot,  in  which 
witli  their  iiutnimenti  prerlaiuly  tuned  to  nnuon,  were  itfttionsd,  one  on  the 
and  othen  kt  three  atatiou  b«ide  the  line  of  nilwkj.  £ach  tnitnpetec  *rM  I 
bj  mTwifninii,  ch>rged  with  the  datj  of  eatunatiiig  the  diSerenoe  of  [ntdi  betwi 
of  hii  tmnipet  »nd  Ihoee  of  the  otben,  ■■  heud  before  ud  ■fter  pauiii^. 
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654.  Longitudinal  and  Transvenie  Vibrations  of  Solids. — Sonorous 
vibrations  are  manifestations  of  elasticity.  When  the  particles  of  a 
solid  body  are  displaced  from  their  natural  positions  relative  to  one 
another  by  the  application  of  external  force,  they  tend  to  return,  in 
virtue  of  the  elasticity  of  the  body.  When  the  external  force  is 
removed,  they  spring  back  to  their  natural  position,  pass  it  in  viitoe 
of  the  velocity  acquired  in  the  return,  and  execute  isochronous  viba- 
tions  about  it  until  they  gradually  come  to  rest  The  isocbronisiD 
of  the  vibrations  is  proved  by  the  constancy  of  pitch  of  the  soond 
emitted;  and  from  the  isochronism  we  can  infer,  by  the  aid  of  mathe- 
matical reasoning,  that  the  restoring  force  increases  directly  as  the 
displacement  of  the  parts  of  the  body  from  their  natural  rektiTe 
position  (§§  53  A,B,c). 

The  same  body  is,  in  general,  susceptible  of  many  different  modes 
of  vibration,  which  may  be  excited  by  applying  forces  to  it  in  dif- 
ferent waya  The  most  important  of  these  are  comprehended  under 
the  two  heads  of  longitudinal  and  transverse  vibrations. 

In  the  former  the  particles  of  the  body  move  to  and  fro  in  the 
direction  along  which  the  pulses  travel,  which  is  always  regarded  as 
the  longitudinal  direction,  and  the  deformations  produced  consist  in 
alternate  compressions  and  extensions.  In  the  latter  the  particles 
move  to  and  fro  in  directions  transverse  to  that  in  which  the  poises 
travel,  and  the  deformation  consists  in  bending.  To  produce  longi- 
tudinal vibrations,  we  must  apply  force  in  the  longitudinal  diredioo. 
To  produce  transverse  vibration,  we  must  apply  force  transversely. 

655.  Transverse  Vibrations  of  Strings. — To  the  transverse  vibra- 
tions of  strings,  instrumental  music  is  indebted  for  some  of  its  most 
precious  resourcea     In  the  violin,  violoncello,  &&,  the  strings  are  set 
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in  vibnttioD  by  drawing  a  bow  across  them.  Tbe  part 
which  acts  od  the  strings  consists  of  hairs  tightly  strt 
rubbed  with  rosin.  The  bow  adheres  to  tbe  string,  am 
aside  till  the  reaction  becomes  too  great  for  the  adhesion  k 
As  the  bow  continues  to  be  drawn  on,  slipping  takes  plac 
mere  fact  of  slipping  diminishes  tbe  adhesion.  Tbe  string  c 
springs  back  suddenly  through  a  finite  distance.  In  rebc 
is  again  caught  by  the  bow,  and  the  same  action  is  repeate 
harp  and  guitar,  the  strings  are  plucked  with  tbe  finger,  ar 
to  vibrate  freely.  In  tbe  piano  the  wires  are  struck  with 
mers  faced  with  leather.  Tbe  pitch  of  tbe  sound  emittt 
various  cases  depends  only  on  the  string  itself,  and  is 
whichever  mode  of  excitation  be  employed. 

656.  Laws  of  the  Transveisa  Vibrations  of  Strin^B. — 
shown  by  an  investigation  closely  analogous  to  that  whicl 
velocity  of  sound  in  air,  that  the  velocity  with  which 
vibrations  travel  along  a  perfectly  flexible  string  is  giv 
formula 

0) 


-^h 


t  denoting  tbe  tenEdon  of  tbe  string,  and  m  tbe  mass  of  i 
of  it  If  771  be  expressed  in  grammes  per  centimetre  o 
should  be  expressed  in  terms  of  the  unit  of  force  which 
from  tbe  gramme,  centimetre,  and  second  (§  42),  and  the 
tained  for  v  will  be  in  centimetres  per  second.  The  sudde 
ance  of  any  point  in  tbe  string,  causes  two  pulses  to  starl 
point,  and  run  along  the  string  in  opposite  directions.  Eat 
on  arriving  at  the  end  of  the  free  portion  of  the  string,  i 
from  the  solid  support  to  which  the  string  is  attached,  a 
same  time  undergoes  reversal  as  to  side.  It  runs  back,  tbui 
to  tbe  other  end  of  tbe  free  portion,  and  there  again 
reflection  and  reversal  When  it  next  arrives  at  the  ori 
disturbance  it  has  travelled  over  just  twice  the  length  of  t 
and  as  this  is  true  of  both  tbe  pulses,  they  must  both  arri 
point  together.  At  tbe  instant  of  their  meeting,  things 
&ame  condition  as  when  the  pulses  were  originated,  and 
ments  just  described  will  again  take  plac&  The  period  of  i 
vibration  of  tbe  string  is  therefore  the  time.required  for 
travel  over  twice  its  length;  that  b, 


SSO*  MODES  OF  VIBRATION. 


n     V  'V    * 


I  denoting  the  length  of  the  string  between  its  points  of  attachment^ 
and  n  the  number  of  vibrations  per  second. 
This  formula  involves  the  following  laws : — 

1.  When  the  length  of  the  vibrating  portion  of  the  string  is  altered, 
without  change  of  tension,  the  frequency  of  vibration  varies  inversely 
as  the  length. 

2.  If  the  tension  be  altered,  without  change  of  length  in  the 
vibrating  portion,  the  frequency  of  vibration  varies  as  the  square 
root  of  the  tension. 

3.  Strings  of  the  same  length  and  tension  have  frequencies  of 
vibration  which  are  inversely  as  the  square  roots  of  their  masses  (or 
weights). 

4.  Strings  of  the  same  length  and  density,  but  of  different  thirk- 
nesses,  will  vibrate  in  the  same  time,  if  they  are  stretched  with 
forces  proportional  to  their  sectional  areas. 

All  these  laws  are  illustrated  (qualitatively,  if  not  quantitativelT] 
by  the  strings  of  a  violin. 

The  first  is  illustrated  by  the  fingering,  the  pitch  being  raised  as 
the  portion  of  string  between  the  finger  and  the  bridge  is  shortened. 

The  second  is  illustrated  by  the  mode  of  tuning,  which  consists  in 
tightening  the  string  if  its  pitch  is  to  be  raised,  or  slackening  tlie 
string  if  it  is  to  be  lowered. 

The  third  law  is  illustrated  by  the  construction  of  the  bass  string, 
which  is  wrapped  round  with  metal  wire,  for  the  purpose  of  adding  to 
its  mass,  and  thus  attaining  slow  vibration  without  undue  slacknessi 
The  tension  of  this  string  is  in  fact  greater  than  that  of  the  string 
next  it,  though  the  latter  vibrates  more  rapidly  in  the  ratio  of  3  to  i 

The  fourth  law  is  indirectly  illustrated  by  the  sizes  of  the  first 
three  strings.  The  treble  string  is  the  smallest,  and  is  nevertheless 
stretched  with  much  greater  force  than  any  of  the  others.  The  third 
string  is  the  thickest,  and  is  stretched  with  less  force  than  any  of 
the  othei's.  The  increased  thickness  is  necessary  in  order  to  give 
suflScient  power  in  spite  of  the  slackness  of  the  string. 

657.  Experimental  Illastration:  Sonometer. — For  the  quantitatiTe 
illustration  of  these  laws,  the  instrument  called  the  sonometer,  re- 
presented in  Fig.  587,  is  commonly  employed.     It  consists  essen- 


THE  SONOMETER. 

tiaiiy  of  a  string  or  wire  stretched  over  a  sounding-box  by  mea 
a  weight  One  end  of  the  string  is  secm-ed  to  a  fixed  point  al 
end  of  the  sounding-box.  The  other  end  passes  over  a  pulley, 
carries  weights  which  can  be  altered  at  pleasure:.  Near  the 
ends  of  the  box  are  two  fixed  bridges,  over  which  the  cord  pi 
There  is  also  a  movable  bridge,  which  can  be  employed  for  alb 
the  length  of  the  vibrating  portion. 

To  verify  the  law  of  lengths,  the  whole  length  between  the ' 
bridges  is  made  to  vibrate,  either  by  plucking  or  bowing;  the  : 


able  bridge  is  then  introduced  exactly  in  the  middle,  and  one  o 
halves  is  made  to  vibrato ;  the  note  thos  obtained  will  be  four 
be  the  upper  octave  of  the  first  The  frequency  of  vibration  is  t 
fore  doubled.  By  making  two-thirds  of  the  whole  length  vil: 
R  note  will  be  obtained  which  will  be  recognized  aa  the  fifth  o: 
fundamental  note,  its  vibration-frequency  being  therefore  great 
the  ratio  j.  To  obtain  the  notes  of  the  gamut,  we  commence 
the  string  as  a  whole,  and  then  employ  portions  of  its  length  n 
aented  by  the  fractions  f,  f,  -J,  -},  j,  A-  i- 

To  verify  the  law  independently  of  all  knowledge  of  musical  i 
vals,  a  light  style  may  be  attached  to  the  cord,  and  caused  to 
its  vibrations  on  the  vibroscope.  This  mode  of  proof  is  also 
general,  inasmuch  as  it  can  be  applied  to  ratios  which  do  not  <x 
pond  to  any  recognized  musical  interval 

To  verify  the  law  of  tensions,  we  must  change  the  weight 
will  be  found  that,  to  produce  a  rise  of  an  octave  in  pitch,  the  w 
must  be  increased  fourfold. 

To  verify  the  third  and  fourth  laws,  two  strings  must  be  empl 
their  masses  having  first  been  determined  by  weighing  them. 
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If  the  strings  are  thick,  and  especially  if  they  are  thick  steel  vires, 
their  flexural  rigidity  has  a  sensible  effect  in  making  the  vibrations 
quicker  than  they  would  be  if  the  tension  acted  alone. 

658.  Harmonics. — ^Any  person  of  ordinary  musical  ear  may  easily, 
by  a  little  exercise  of  attention,  detect  in  any  note  of  a  piano  the 
presence  of  its  upper  octave,  and  of  another  note  a  fifth  higher  tbaa 
this;  these  being  the  notes  which  correspond  to  frequencies  of  vibra- 
tion double  and  triple  that  of  the  fundamental  note.  A  highly 
trained  ear  can  detect  the  presence  of  other  notes,  oorrespon^g  to 
still  higher  multiples  of  the  fundamental  frequency  of  vibiidoD. 
Such  notes  are  called  harmonics. 

When  the  vibration-frequency  of  one  note  is  an  exact  fnuUiplt 
of  that  of  another  note,  the  former  note  is  called  a  harmoTiie  of  the 
latter.  The  notes  of  all  stringed  instruments  contain  numerous 
harmonics  blended  with  the  fundamental  tones.  Bells  and  inlmliog 
plates  have  higher  tones  mingled  with  the  fundamental  tone;  bot 
these  higher  tones  are  not  harmonics  in  the  sense  in  which  ve  use 
the  word. 

A  violin  string  sometimes  fails  to  yield  its  fundamental  nofa^  tod 
gives  the  octave  or  some  other  harmonic  instead.  This  result  flttk 
brought  about  at  pleasure,  by  lightly  touching  the  string  at  ajn- 
perly-selected  point  in  its  length,  while  the  bow  is  applied  in  d»e 
usual  way.  If  touched  at  the  middle  point  of  its  length,  it  givts 
the  octava     If  touched  at  one-third  of  its  length  from  either  end,  it 

gives  the  fifth  above  the  octave.     The  law  is,  that  if  toudied  at  ^ 

of  its  length^  from  either  end,  it  yields  the  harmonic  whose  vibration- 
frequency  is  n  times  that  of  the  fundamental  tone.  The  string  in 
these  cases  divides  itself  into  a  number  of  equal  vibrating-s^ments, 
as  shown  in  Fig.  589. 

The  division  into  segments  is  often  distinctly  visible  when  the 
string  of  a  sonometer  is  strongly  bowed,  and  its  existence  can  be 
verified,  when  less  evident,  by  putting  paper  riders  on  different  parts 
of  the  string.  These  (as  shown  in  the  figure)  will  be  thrown  off  by 
the  vibrations  of  the  string,  unless  they  are  placed  accurately  at  the 
nodal  points,  in  which  case  they  will  retain  their  seats.  If  two 
strings  tuned  to  unison  are  stretched  on  the  same  sonometer,  the 
vibration  of  the  one  induces  similar  vibrations  in  the  other;  and  the 
experiment  of  the  riders  may  be  varied,  in  a  very  instructive  way, 

*  Or  at  --  of  its  length,  if  m  be  prime  to  st. 
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and  when  a  note  corresponding  to  one  of  these  periods  is  soonded  in 
their  neighbourhood,  they  readily  take  it  up  and  emit  a  note  of  the 
same  pitch  themselves. 

Other  bodies,  especially  thin  pieces  of  dry  straight-grained  deal, 
such  as  are  employed  for  the  faces  of  violins  and  the  sounding- 
boards  of  pianos,  are  capable  of  vibrating,  more  or  less  freely,  in  any 
period  lying  between  certain  wide  limits.  They  are  aooordingly  set 
in  vibration  by  all  the  notes  of  their  respective  instruments;  and  by 
the  large  surface  with  which  they  act  upon  the  air,  they  contribute 
in  a  very  high  degree  to  increase  the  sonorous  effect  All  stringed 
instruments  are  constructed  on  this  principle;  and  their  quality 
mainly  depends  on  the  greater  or  less  readiness  with  which  thej 
respond  to  the  vibrations  of  the  strings. 

All  such  methods  of  reinforcing  a  sound  must  be  induded  under 
resonance;  but  the  word  is  often  more  particularly  applied  to  the 
reinforcement  produced  by  masses  of  air. 

659.  Longitudinal  Vibrations  of  Strings. — Strings  or  wires  mj 
also  be  made  to  vibrate  tongitudinally,  by  rubbing  them,  in  tJie 
direction  of  their  length,  with  a  bow  or  a  piece  of  chamois  leitler 
covered  with  rosin.  The  sounds  thus  obtained  are  of  much  higiier 
pitch  than  those  produced  by  transverse  vibration. 

In  the  case  of  the  fundamental  note,  each  of  the  two  halves  AC, 
C  B  (Fig.  590),  is  alternately  extended  and  compressed,  one  bang 
extended  while  the  other  is  compressed.     At  the  middle  point  C 

^  c  R 

•  '         ■  ■    ■  •  ■  ■ 


Fig.  590.— Longiindiml  VibintloiL    Fint  Tosw. 


there  is  no  extension  or  compression,  but  there  is  greater  amplitode 
of  movement  than  at  any  other  point  The  amplitudes  diniinish  in 
passing  from  C  towards  either  end,  and  vanish  at  the  ends,  which 
are  therefore  nodes.  The  extensions  and  compressions,  on  the  othei 
hand,  increase  as  we  travel  from  the  middle  towards  either  end,  and 
obtain  their  greatest  values  at  the  ends. 

But  the  string  may  ako  divide  itself  into  any  number  of  separately- 
vibrating  segments,  just  as  in  the  case  of  transverse  vibrations. 
Fig.  591  represents  the  motions  which  occur  when  there  are  thrw 
such  segments,  separated  by  two  nodes  D,  R  The  upper  portion  d 
the  figure  is  true  for  one-half  of  the  period  of  vibration,  and  the  lo^& 
portion  for  the  remaining  half 
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The  frequency  of  vibration,  for  longitudinal  as  well  as  fo 
verse  vibrations,  varies  inversely  as  the  length  of  the  vi 
string,  or  segment  of  string.     We  shall  return  to  this  subject  i: 


Fig.  fi»l.— LiHigltudliul  Vibntlon.    ThinI  Toiw. 

560.  String-ed  InBtnunenta. — Only  the  transversal  vibral 
strings  are  employed  in  music.  In  the  violin  and  violoncel 
are  four  Btrings,  each  being  tuned  a  fifth  above  the  next  be 
and  intermediate  notes  are  obtained  by  Sngering,  the  poi 
string  between  the  finger  and  the  bridge  being  the  only  pari 
free  to  vibrate.  The  bridge  and  sounding-post  serve  to  t 
the  vibrations  of  the  strings  to  the  body  of  the  instrument. 
j)iano  there  is  also  a  bridge,  which  is  attached  to  the  soundin| 
and  communicates  to  it  the  vibrations  of  the  wirea 

661.  Transversal  Yibrations  of  Rigid  Bodies:  Rods,  PUtes, 
We  shall  not  enter  into  detail  respecting  the  laws  of  the  tre 
vibraticus  of  rigid  bodie-=L  The  relations  of  their  overtones 
fundamental  tones  are  usually  of  an  extremely  complex  cb 
and  this  feet  is  closely  connected  with  the  unmusical  or  on] 
musical  character  of  the  sounds  emitted. 

When  one  face  of  the  body  is  horizontal,  the  division  into  t 
vibrating  segments  can  be  rendered  visible  by  a  method  dev 
Cbladni,  namely,  by  strewing  sand  on  this  fece.  During  th 
tion,  the  sand,  as  it  is  tossed  about,  works  its  way  to  certain 
lines,  where  it  comes  neariy  to  rest.  These  nodal  lines  i 
regarded  as  the  intersections  of  internal  nodal  surfaces  w 
surface  on  which  the  sand  is  strewed,  each  nodal  surface  be 
boundary  between  parts  of  the  body  which  have  opposite  mi 

The  figures  composed  by  these  nodal  lines  are  often  very  b< 
and  quite  startling  in  the  suddenness  of  their  production. 
and  Savart   published  the  forms  of  a  great  number.     A  c 
theoretical  explanation  of  them  would  probably  transcend  th« 
of  the  greatest  mathematicians. 

Bells  and  bell-glasses  vibrate  in  segments,  which  are  ne 
than  four  in  number,  and  are  separated  by  nodal  lines  meetin 
middle  of  the  crown.     They  are  well  shown  by  putting  wa1 


836  MODES  OF  VIBBATION. 

bell-glasB,  and  bowing  its  edge.  The  Burface  of  the  water  vill  im- 
mediately be  covered  with  ripples,  one  set  of  ripples  proceeding  from 
each  of  the  vibrating  segments.  Tha  division  into  any  poeable 
number  of  segments  may  be  effected  by  pressing  the  glass  with  tiie 
fingers  in  the  places  where  a  pair  of  consecutive  nodes  ought  to  be 
formed,  while  the  bow  is  applied  to  the  middle  of  one  of  the  seg- 
ments. The  greater  the  number  of  segments  the  higher  will  be  the 
note  emitted. 

662.  Tasiiig-fbrk.  —  Steel  tods,  on  account  of  their  compm^Te 
freedom  from  change,  are  well  suited  for  standatda  of  pitdi.  The 
tuning-fork,  which  is  especially  used  for  this  purpose,  consists  essen- 
tially of  a  steel  rod  beat  double,  and  attached  to  a  handle  of  the  same 
material  at  its  centra  Besides  the  fundamental  tone,  it  is  capable 
of  yielding  two  or  three  overtones,  which  are  very  much  higher  in 
pitch ;  hut  these  are  never  used  for  musical  purposea  If  the  fork 
is  held  by  the  handle  while  vibrating,  its  motion  continues  f(^  * 
long  time,  but  the  sound  emitted  is  too  &int  to  be  heard  except 

by  holding  the  ear  near  it  Whemiie 
handle  is  pressed  against  a  t^ble,  the 
latter  acts  as  a  sounding-boud  loj 
communicates  the  vibrationa  (o  tk 
air,  but  it  also  causes  the  foA  to 
come  much  more  speedily  to  rest  For 
the  purposes  of  the  lecture-room  the 
fork  is  often  mounted  on  a  sooodii^- 
boi  (Fig,  592),  which  should  be  »- 
Fig.  se2.-Fark  on  Soanding  box,  parated  from  the  table  by  two  peca 

of  india-rubber  tubing.  The  boian 
then  vibrate  freely  in  unison  with  the  fork,  and  the  sound  is  botli 
loud  and  lasting.  The  vibraUons  are  usually  excited  either  by  hos- 
ing the  fork  or  by  drawing  a  piece  of  wood  between  its  proDga. 

The  pitch  of  a  tuning-fork  varies  slightly  with  temperature,  he 
coming  lower  as  the  temperature  rises.  This  effect  is  due  in  somt 
trifling  degree  to  expansion,  but  much  more  to  the  dtmioutian  of 
elastic  force. 

663.  Law  of  Linear  DimensionB. — ^The  following  law  is  of  verj'  vide 
application,  being  applicable  alike  to  solid,  liquid,  and  gaseous  bodie: 
■ — When  two  bodies  differing  in  size,  but  m  other  respedi  siiriikr 
and  aimilarly  circumstanced,  vibraie  mi  the  same  mode,  their  riira- 
tion-periode  are  directly  as  their  Ivnsar  dimeTisians.    Their  vibia- 


OBQAN-PIPES. 
tion-freqnencies  are  conseqnently  in  the  inverse 


In  applying  the  law  to  the  transverse  vibrst 
to  be  understood  tbat  the  stretcLing  force  per  ui 
is  coDBtaot  In  this  case  the  velocity  of  a  pulse 
and  the  period  of  vibration,  being  the  time  req 
travel  over  twice  the  length  of  the  string,  is  tbei 
length. 

664.  Organ-pipes. — In  organs,  and  vind-instrui 
sonorous  body  is  a  column  of  Mr  confined  in  a  ti 


nil.  »3.— Bleok  Pipe,  Fig.  SM. 

in  vibration  some  kind  of  mouth-piece  must  1 
which  is  most  extensively  used  in  organs  is  call' 
pUce,^  and  is  represented,  in  conjunction  with  th< 
attached,  in  Figa  593,  59i.     It  closely  resemble: 

'  lliia  ia  Dot  the  tnde  oatne.    Eng^  o^an-builden  have 
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an  ordinary  whistle.  The  air  from  the  bellows  arrives  throngb  the 
coQical  tube  at  the  lower  end,  and  before  entering  the  main  body  of 
the  pipe  has  to  pass  through  a  narrow  slit,  in  issuing  from  which 
it  impinges  on  the  thin 
end  of  a  wedge  placed 
directly  opposite,  cdied 
the  lip.  This  lip  is  itaali 
capable  of  vibrating  in 
unison  with  any  note 
lying  within  a  wide 
range,  and  the  doU 
which  is  actually  emit- 
ted ia  determined  hj 
the  resonance  of  the 
column  of  air  in  tite 
pipe.  Fig.  593  repre- 
sents a  wooden,  and  Fij 
594  a  metal  OTgta-pi'i, 
both  of  them  being  Air- 
nished  with  fiutemoiKli- 
pieces.  The  two  unwi 
in  the  sections  an  in- 
tended to  suggest  the 
two  courses  vhidi  tk 
wind  may  take  as  it 
issues  from  the  sliL 

The  airangemeDts  foi 
admitting  the  vind  U- 
the    pipes    by  pntling 
down     the    keys  are 
,     ^  shown  in  Fig.  59S.  Tie 

bellows  V  are  wotkea 
by  the  treadle  P.  The  force  of  the  blast  can  be  incressed  by  waght- 
ing  the  top  of  the  bellows,  or  by  pressing  on  the  rod  T.  The  air 
passes  up  from  the  bellows,  through  a  large  tube  shown  at  one  ffid, 
into  a  reservoir  ,C,  called  the  wind-chest.  In  the  top  of  the  wind- 
chest  there  are  numerous  openings  c,  d,  &c.,  in  which  the  tubes  are 
to  be  fixed.  The  sectional  drawing  in  the  upper  part  of  the  figure 
shows  the  internal  communications.  A  plate  K,  pressed  up  by  a 
spring  R,  cuts  off  the  tube  c  from  the  wind-chest,  until  the  pin  a 


J9  depressed  The  putting 
admits  the  wind.  This  des 
organs  which  are  construcbei 
tbe  pressure  of  the  wind  i 
pressure  would  be  too  great 
tures  of  admission  are  partii 
blast. 

666.  The  Air  is  the  Bono: 
sound  emitted  by  an  orgai 
dimensions  of  the  inclosed 
or  material  of  the  pipe  itsel 
of  copper,  and  the  other  ( 
dimendons,  be  fixed  on  the 
will  be  found  that  the  three 
but  slight  difference  in  char 
are  excessively  thin,  their  y 
pitch  of  the  sound  is  modifi' 

666.  Law  of  Linear  Dimt 
stated  in  a  previous  sec- 
tion (§  663)  as  applying 
to  the  vibrations  of  simi- 
lar solid  bodies,  applies 
to  gases  also.  Let  two 
box-shaped  pipes  (Fig, 
596)  of  precisely  similar 
form,  and  having  their 
linear  dimensions  in  the 
ratio  of  2:1,  be  fixed  on 
the  wind-chest;  it  will  be 
found,  on  making  them 
speak,  that  the  note  of 
tbe  small  one  is  an  octave 
fi-equency  of  vibration, 

66?.  Bemonlli's  Laws.^^ 
parison  of  similar  tubes  of 
of  a  tube  is  a  large  multi 
sensibly  independent  of  tl: 
alone.  The  relations  betwc 
and  its  overtones  were  disi 
follows : — 
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I.  Overtones  of  Open  Pipes. — Let  the  pipe  B  (Fig.  597),  which  is 
open  at  the  upper  end,  be  fixed  on  the  wind-chest;  let  the  ooirespond> 
ing  key  be  put  down,  and  the  wind  gradually  tamed  on, 
by  means  of  the  cock  below  the  mouth-pieoe.  The  first 
note  heard  will  be  feeble  and  deep;  it  is  the  fundamental 
note  of  the  pipe.  As  the  wind  is  graduaUy  turned  fall  on, 
and  increasing  pressure  afterwards  applied  to  the  bellowE, 
a  series  of  notes  will  be  heard,  each  higher  than  its  pre- 
decessor. These  are  the  overtones  of  the  pipe.  They  are 
the  harmonics  of  the  fundamental  note ;  that  is  to  say,  if 
1  denote  the  frequency  of  vibration  for  the  fundamental 
tone,  the  frequencies  of  vibration  for  the  overtones  will  be 
approximately  2,  3,  4,  5  .  .  .  respectively. 

11.  Overtones  of  Stopped  Pipes, — If  the  same  experiment 

be  tried  with  the  pipe  A,  which  is  closed  at  its  upper  end; 

the  overtones  will  form  the  series  of  odd  harmonics  of  the 

I  fundamental  note,  all  the  even  harmonics  being  absent; 

J    J     in  other  words,  the  frequencies  of  vibration  of  the  fionds- 

1   I      mental  tone  and  overtones  will  be  approximately  rqa^ 

•y  T*    sen  ted  by  the  series  of  odd  numbers  1,  3,  5,  7  .  .  . 

It  will  also  be  found,  that  if  both  pipes  are  of  the  same 
length,  the  fundamental  note  of  the  stopped  pipe  is  an 
octave  lower  than  that  of  the  open  pipe. 
668.  Hode  of  Production  of  Overtones. — In  the  production  of  the 
overtones,  the  column  of  air  in  a  pipe  divides  itself  into  vibrating 
segments,  separated  by  nodal  cross-sections.     At  equal  distances  on 
opposite  sides  of  a  node,  the  particles  of  air  have  always  equal  and 
opposite  velocities,  so  that  the  air  at  the  node  is  always  subjected  to 
equal  forces  in  opposite  directions,  and  thus  remains  unmoved  by 
their  actioiL     The  portion  of  air  constituting  a  vibrating  segment, 
sways  alternately  in  opposite  directions,  and  as  the  movements  in 
two  consecutive  segments  ai*e  opposite,  two  consecutive  nodes  are 
always  in  opposite  conditions  as  regards  compression  and  extensoa 
The  middle  of  a  vibrating  segment  is  the  place  where  the  ampli- 
tude of  vibration  is  greatest,  and  the  variation  of  density  least 
It  may  be  called  an  antinode.     The  distance  from  one  node  to  the 
next  is  half  a  wave-length,  and  the  distance  from  a  node  to  an  anti- 
node  is  a  quarter  of  a  wave-length.     Both  ends  of  an  open  pipe,  and 
the  end  next  the  mouth-piece  of  a  stopped  pipe,  are  antinodes,  being 
preserved  from  changes  of  density  by  their  free  communication  witii 
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the  external  air.     At  the  closed  end  of  a  stopped  pipe  th( 
always  be  a  node. 

The  swaying  to  and  fro  of  the  intemodal  portions  of  air 
fixed  nodal  planes,  is  an  example  of  stationary  undtdation; 
vibration  of  a  musical  string  ia  another  example.  A  st) 
UQdulation  may  always  be  analyzed  into  two  component  und 
eqaal  and  similar  to  one  another,  and  travelling  in  oppoai 
tiona,  their  common  wave-length  being  double  of  the  distal 
node  to  node.  These  undulations  are  constantly  undergoin 
tion  from  the  ends  of  the  pipe  or  string,  and,  in  the  case  < 
the  reflection  is  opposite  in  kind  according  as  it  takes  plao 
closed  or  an  open  end.  In  the  former  case  a  condensation  pre 
towards  the  end  is  reflected  as  a  condensation,  the  forward 
particles  being  compelled  to  recoil  by  the  resistance  which  th 
encounter ;  and  a  rarefaction  is,  in  like  manner,  reflected  ai 
faction.  On  the  other  hand,  when  a  condensation  arrives  at 
end,  the  sudden  opportunity  for  expansion  which  is  affordec 
sa  outward  movement  iu  excess  of  that  which  would  su 
equilibrium  of  pressure,  and  a  rare&ction  is  thus  produced  ' 
propagated  back  through  the  tube.  A  condensation  is  thus  i 
as  a  rarefaction;  and  a  rare&ction  is,  in  like  manner,  refleci 
condensation. 

The  period  of  vibration  of  the  fundamental  note  of  a  stop] 
is  the  time  required  for  propagating  a  pulse  through  four  ti 
length  of  the  pipe.  For  let  a  condensation  be  suddenly  pnx 
the  lower  end  by  the  action  of  the  vibrating  lip.  It  will 
pagated  to  the  closed  end  and  reflected  hack,  thus  travelli 
twice  the  length  of  the  pipe.  On  arriving  at  the  aperture  w 
lip  is  situated,  it  is  reflected  as  ararefaction.  This  rarefactioi 
to  the  closed  end  and  back,  as  the  condensation  did  before  i1 
then  reflected  from  the  aperture  as  a  condensation.  Things 
in  their  initial  condition,  and  one  complete  vibration  has  b' 
formed.  The  period  of  the  movements  of  the  lip  is  detenn 
the  arrival  of  these  alternate  condensations  and  rare&ctions ; 
lip,  in  its  turn,  serves  to  divert  a  portion  of  the  energy  of  tl 
and  employ  it  in  maintaining  the  energy  of  the  vibrating  col 
The  wave-length  of  the  fundamental  note  of  a  stopped  pipi 
four  times  the  length  of  the  pipe. 

In  an  open  pipe,  a  condensation,  starting  from  the  mouth- 
reflected  from  the  other  end  as  a  rarefaction.     This  rarefac 
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reaching  the  mouth-piece,  is  reflected  as  a  condensation;  and  tiungs 
are  thus  in  their  initial  state  after  the  length  of  the  pipe  has  been 
traversed  twice.  The  period  of  vibration  of  the  fundamental  note  is 
accordingly  the  time  of  travelling  over  twice  the  length  of  the  pipe; 
•  and  its  wave-length  is  twice  the  length  of  the  pipa  In  every  case 
of  longitudinal  vibration,  if  the  reflection  is  alike  at  both  ends,  the 
wave-length  of  the  fundamental  tone  is  twice  the  distance  between 
the  ends. 

669.  Explanation  of  Bernoulli's  Laws. — In  investigating  the 
theoretical  relations  between  the  fundamental  tone  and  overtones  for 
a  pipe  of  either  kind,  it  is  convenient  to  bear  in  mind  that  the  dis- 
tance from  an  open  end  to  the  nearest  node  is.  a  quarter  of  a  wave- 
length of  the  note  emitted. 

In  the  case  of  the  open  pipe  the  first  or  fundamental  tone  leqmies 
one  node,  which  is  at  the  middle  of  the  lengtL  The  second  tone 
requires  two  nodes,  with  half  a  wave-length  between  them,  whik 
each  of  them  is  a  quarter  of  a  wave-length  from  the  nearest  end  A 
quarter  wave-length  has  thus  only  half  the  length  which  it  had  &r 
the  fundamental  tone,  and  the  frequency  of  vibration  is  therelbre 
doubled 

The  third  tone  requires  three  nodes,  and  the  distance  fit>m  either  od 
to  the  nearest  node  is  ^  of  the  length  of  the  pipe,  instead  of  ^  the 
length  as  in  the  case  of  the  first  tone.  The  wave-length  is  thi^ 
divided  by  3,  and  the  frequency  of  vibration  is  increased  threefold 
We  can  evidently  account  in  this  way  for  the  production  of  the 
complete  series  of  harmonics  of  the  fundamental  nota 

In  the  case  of  the  stopped  pipe,  the  mouth-piece  is  always  distant 
a  quarter  wave-length  from  the  nearest  node,  and  this  must  be  dis- 
tant an  even  number  of  quarter  wave-lengths  fix>m  the  stopped  end, 
which  is  itself  a  node. 

For  the  fundamental  tone,  a  quarter  wave-length  is  the  whole 
length  of  the  pipe. 

For  the  second  tone,  there  is  one  node  besides  that  at  the  doeed 
end,  and  its  distance  from  the  open  end  is  i  of  the  length  of  the  pipe. 

For  the  third  tone,  there  are  two  nodes  besides  that  at  the  dosed 
end  The  distance  from  the  open  end  to  the  nearest  node  is  there- 
fore i  of  the  length  of  the  pipe. 

The  wave-lengths  of  the  successive  tones,  beginning  with  the 
fundamental,  are  therefore  as  I,  ^,  ^,  -f  •  .  . «  and  their  vibration- 
frequencies  are  as  1,  3,  5,  7  .  .  . 
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Also,  Eonce  the  wave-leagth  of  the  fnndamental  tone  is  four 
the  length  of  the  pipe  if  stopped,   and  only  twice  its  lenj 
open,  it  is  obvious  that  the  wave-length  is  halved,  and  the 
frequency  of  vibration  doubled,  by  unatopping  the  pipe. 

No  change  of  pitch,  or  only  very  slight  change,  will  be 
produced  by  inserting  a  solid  partition  at  a  node,  or  by  put- 
ting an  autinode  in  free  communication  with  the  external  air. 
These  principles  can  be  illustrated  by  means  of  the  jointed  pipe 
represented  in  Fig.  598. 

670.  Application  to  Rods  and   String. — The  same  laws 
which  apply  to  open  organ-pipes,  also  apply  to  the  longi- 
tudinal vibrations  of  rods  free  at  both  ends,  and  to  both  the 
longitudinal  and  transverse  vibrations  of  strings.    In  all  these 
cases  the  overtones  form  the  complete  series  of  harmonics  of 
the  first  or  fundamental  tone,  and  the  period  of  vibration 
for  thia  first  tone  is  the  time  occupied  by  a  pulse  in  travel- 
ling over  twice  the  length  of  the  given  rod  or  string.     In 
the  case  of  longitudinal  vibrations  the  velocity  of  a  pulse  ia 
•  /g ,  M  denoting  the  value  of  Toung's  modulus   for  the 
rod  or  string,  and  T>  its  density.      This  is  identical  with 
the  velocity  of  sound   through   the  rod   or   string,  and  is ' 
independent  of  its  tension.     In  the  case  of  transverse  pulses 
in  a  string  (regarded  as  perfectly  fiezible),  the  formula  for  the 
velocity  of  transmission,  (1)  §  656,  may  be  written  */ jj,  F  t 
ing  the  stretching  force  per  unit  of  sectional  area.     The  ratio  ( 
latter  velocity  to  the  former  ia  A/g,  which  is  always  a  small 
tion,  since  ^  express  the  fraction  of  itself  by  which  the  stri 
lengthened  by  the  force  F. 

If  a  rod,  free  at  both  ends,  is  made  to  vibrate  longitudinal 
nodes  and  antinodes  will  be  distributed  exactly  in  the  same  ^ 
those  of  an  open  organ-pipe.  The  experiment  can  be  perform< 
holding  the  rod  at  a  node,  and  rubbing  it  with  rosined  ch 


6?1.  Application  to  Ueasarement  of  Velocity  in  Oases. — Let  v  i 
the  velocity  of  sound  in  a  particular  gas,  in  feet  per  second, 
wave-length  of  a  particular  note  in  this  gas  in  feet,  and  n  tl: 
quency  of  vibration  for  thia  note,  that  is  the  number  of  vibn 
per  second  which  produce  it     Then  \  is  the  distance  travelled 
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of  a  second,  and  the  distance  travelled  in  a  second  is 

For  the  same  note,  n  is  constant  for  all  media  whatever,  and  v  Tari«s 
directly  as  K  The  velocities  of  sound  in  two  gases  may  thiu  be 
compared  by  observing  the  lengths  of  vibrating  columns  of  tbe  two 
gases  which  give  the  same  note ;  or  if  columns  of  equal  length  be 
employed,  the  velocities  will  be  directly  as  the  frequencies  of  vibra- 
tion, which  are  determined  by  observing  the  pitch  of  the  notes 

emitted. 

By  these  methods,  Dulong,  and  more  recently  Wer- 

theim,  have  determined  the  velocity  of  sound  in  seTcral 
^     different  gases.   The  following  are  Wertheim's  results,  in 

metres  per  second,  the  gases  treing  supposed  to  be  at  O'C 
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Hydrogen,      -    .     .     .   1269 
Curbomc  oxide,     .     .     .     S37 


Cwboma  kdd, 
Nitcona  oxide, 
OleGuit  gu,     . 


The  same  prindptis 
applicable  to  liquid 
and    solids;    ud  i 
,  was  by  means  <^  tbe 

longitudinal     Tibn- 
0.-  tions    of    rods  thxt 

the  velocities  givm 
in  §  637  were  ascer- 
tained. 

672.  Reed-pipei- 
Instead  of  the  flute 
mouth -piece  above 
described,  orgSD-pipes 
are  often  fiiniisbed 
P  with  what  is  cailol 

a  reed.     A  reed  coo- 
tains  an  elastic  pUte 
i  (Figs.  599, 600)  «U- 
ni.  M».—Reei  Fift.  Tig.  SOD.— Tn«  R«aL  ed  the  toTiffue,  viaA. 

by  its  vibrations,  al- 
ternately opens  and  closes  or  nearly  closes  an  aperture  tbrou^  wbid 
the  wind  passes.     In  Fig.  599,  the  air  from  the  bellows  enters  first 
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the  lower  part  (  of  the  pipe,  and  thence  (when  pen 
tongue)  passes  through  the  channel'  r  into  the  upper 
stiff  wire  z,  movable  with  conBiderable  friction  throsj 
limita  the  vibrating  portion  of  the  tongue,  and  is 
tuning.  Reed-pipes  are  often  terminated  above  by  a  ti 
expansion. 

Fig.  o99  represents  a  striking  reed,  so  called  becaui 
closes  the  orifice  by  striking  its  edges.  The  sound  I 
ia  somewhat  harsh.  In  the  free  reed  (Fig.  600),  the 
through  the  orifice  without  striking  its  edges,  and  the 
is  much  smoother. 

The  striking  reed  is  generally  preferred  in  organ; 
character  rendering  it  very  efiective  by  way  of  contrast 
used  for  the  truTnpet  stop.  Beed-pipes  can  be  very  si 
without  breaking  into  overtones. 

Elevation  of  temperature  sharpens  pipes  with  flute 
and  flattens  reed-pipea  The  sharpening  is  due  to  the  i 
city  of  sound  in  hot  air.  The  flattening  is  due  to  t 
elasticity  of  the  metal  tongue.  It  is  thus  proved  that 
reed-pipe  is  not  always  that  due  to  the  fi-ee  vibration  ( 
air,  but  may  be  modified  by  the  action  of  the  tongue. 
673.  Wi&d-instmmeiita. — In  all  wind-instruments, 
originated  by  one  of  the  two  methods  Just  described.  T 
pipe  must  be  classed  the  flute,  the  flageolet,  and  the  1 
The  clarionet,  hautboy,  and  bassoon  have  reed  mou 
vibrating  tongue  being  a  piece  of  reed  or  cane.  In  tht 
pet,  and  French-horn,  which  are  mere  tubes  without 
of  the  performer  act  as  the  reed-tongue,  and  the  notes 
approximately  the  natural  overtonea  These,  when  of  1 
so  near  together,  that  a  gamut  can  be  formed  by  proj 
from  among  them. 

The  fingering  of  the  flute  and  clarionet,  has  the  effi 
of  altering  the  effective  length  of  the  vibrating  colon 
sometimes  of  determining  the  production  of  overto 
trombone  and  comet-^piston,  the  length  of  the  vibi 
of  air  is  altered.  The  harmonium,  accoi-dion,  ai 
are  reed  instruments,  the  reeds  employed  being  alwaj 
kind. 
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674.  XanometriG  Flames. — Koenig,  of  Paris,  constructs  Beveid 
forms  of  apparatus,  in  which  the  varia- 
tions of  pressure  produced  by  vibratjous 
of  air  in  a  pipe  are  rendered  evideot  (o 
the  eye  by  their  effect  upon  flamea 
One  of  these  is  represented  in  Fig.  601. 
Three  small  gas-bnmers  are  fixed  tt 
definite  points  in  the  side  of  a  pipe, 
as  represented  in  the  figure.  When  Uie 
pipe  gives  its  second  tone,  the  centnl 
Same  is  at  an  antinode  and  remains  an- 
affected,  while  the  other  two,  being  at 
nodes,  are  agitated  or  blown  ouL  When 
it  gives  its  first  tone,  the  central  flune, 
which  is  now  at  a  node,  is  more  paver- 
fully  afiected  than  the  others.  The  gas 
which  supplies  these  burners  is  sepanled 
from  the  air  in  the  pipe  only  by  a  to 
membi-ane.  When  the  pipe  is  Jiaie  tc 
speak,  the  Same  at  the  node  is  violatlv 
agitated,  in  consequence  of  the  cbugs 
of  pressure  on  the  back  of  the  membtiw, 
while  thosn  at  the  ventral  points  ue 
scarcely  affected.  The  agitation  of  tlie 
flame  is  a  true  vibration;  and,  whenei- 
Fie  6oi.-M»iiom.tric  fimo«.  RDiined  by  the  aid  of  a  revolving  mirtor, 
presents  the  appearance  of  tongues  d 
flame  alternating  with  nearly  dark  spaces.  If  two  pipes,  one  » 
octave  higher  than  the  other,  are  connected  with  the  same  gas  flaa«. 
or  with  two  gas  flames  which  can  be  viewed  in  the  same  mirror,  the 
tongues  of  flame  corresponding  to  the  upper  octave  are  seen  to  be 
twice  as  numerous  as  the  others. 


CHAPTER   LVL 


iJTALTSIS  OF  TIBtUTIONS.      CONSTITUTION  OF  SOUNDS. 


675.  Optical  Ezamination  of  Sonorous  VibTations.  —  Sound  is  a 
special  sensation  belonging  to  the  sense  of  bearing;  but  the  vibra- 
tions which  are  its  physical  cause  often  manifest  themselves  to 
other  senses.  For  instance,  we  can  often  feel  the  tremors  of  a  sono- 
rous body  by  touching  it;  we  see  the  movements  of  the  sand  on  a 
vibrating  plate,  the  curve  traced  by  the  style  of  a  vihroscope,  &a 
The  aid  which  one  sense  can  thus  furnish  in  what  seems  the  peculiar 
province  of  another  is  extremely  interesting,  M.  Lissajous  has 
devised  a  very  beautiful  optical  method  of  examining  sonorous  vibra- 
tions, which  we  will  briefly  describe. 

676.  Lisfl^oos'  Experiment, — Suppose  we  introduce  into  a  dark 
room  (Fig,  602)  a  beam  of  solar  rays,  which,  aAer  passing  through 
a  lens  L,  is  reflected,  first,  from  a  small  mirror  fixed  on  one  of  the 
branches  of  a  tuning-fork  D,  and  then  ft'om  a  second  mirror  M,  which 
throws  it  on  a  screen  E;  we  can  thus,  by  proper  adjustments,  form 
upon  the  screen  a  sharp  and  bright  imi^  of  the  sun,  which  will 
appear  as  a  small  spot  of  light  As  long  as  the  apparatus  remains 
at  rest,  we  shall  not  observe  any  movement  of  the  image ;  but  if  the 
tuning-fork  vibrates,  the  image  will  move  rapidly  up  and  down 
along  the  line  I,  I',  producing,  in  consequence  of  the  persistence  of 
impressions,  the  appearance  of  a  vertical  line  of  light  If  the  tuning- 
iork.  remains  at  rest,  but  the  mirror  M  is  rotated  through  a  small 
angle  about  a  vertical  axis,  the  image  will  move  horizontally.  Con- 
sequently, if  both  these  motions  take  place  simultaneously,  the  spot 
of  light  will  trace  out  on  the  screen  a  sinuous  line,  as  represented  in 
the  figure,  each  S-shaped  portion  corresponding  to  one  vibration  of 
the  tuning-fork. 

Now,  let  the  mirror  M  be  replaced  by  a  small  mirror  attached  to 
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a  secood  tuning-fork,  which  vibrates  in  a  horizontal  plane,  u  in 


Pit-  OOa.-PiliKlpla  ot  Lim 

Fig.  603.     If  this  fork  vibrates  alone,  the  image  will  move  to  u^ 


m.  M3.-Uin]om' 

fro  horizontally,  preaenting  the  appearance  of  a  horizontal  line  oi 


f™^;^ 
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light,  which  gradually  shortens  as  the  vihrations  die  away.  If  both 
forks  vibrate  simultaneously,  the  spot  of  light  will  rise  and  fall  aC' 
cording  to  the  movements  of  the  first  fork,  and  will  travel  left  and 
right  according  to  the  movements  of  the  second  fork.  The  curve 
actaallj  described,  as  the  resultant  of  those  two  component  motions, 
13  often  extremely  beautiful  Some  varieties  of  it  are  represented  in 
Fig.  604. 

Instead  of  throwing  the  curves  on  a  screen,  we  may  see  them  by 
looking  into  the  second  mirror,  either  with  a  telescope,  as  in  Fig.  603, 


Tg  S04  — L  onjotB'  FigniM,  Uol«n,  Oolare,  and  FUlh. 

or  with  the  naked  eye.  In  this  form  of  the  experiment,  a  lamp 
surrounded  by  an  opaque  cylinder,  pierced  with  a  small  hole  just 
opposite  the  flame,  as  represented  in  the  figure,  is  a  very  convenient 
source  of  light 

The  movement  of  the  image  depends  almost  entirely  on  the. an- 
gular movemente  of  the  mirrors,  not  on  their  movements  of  trans- 
lation ;  but  the  distinction  is  of  no  importance,  for,  in  the  case  of 
such  small  movements,  the  linear  and  angular  changes  may  be  re- 
garded as  strictly  proportional 

Either  fork  vibrating  alone,  would  cause  the  image  to  execute  the, 
particular  kind  of  movement  which  we  have  described  in  §  53a, 
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under  the  designation  of  simple  vibration  or  simple  hamumio 
Tnotion;  so  that  the  movement  actually  executed  will  he  the  r^ 
sultant  of  two  simple  harmonic  motions  in  directions  perpendicular 
to  each  other. 

Suppose  the  two  forks  to  be  in  unison.  Then  the  two  simple  har- 
monic motions  will  have  the  same  period,  and  the  path  deacribed 
will  always  be  some  kind  of  ellipse/  the  circle  and  straight  line  being 
included  as  particular  casea  It  will  be  a  straight  line  if  both  forb 
pass  through  their  positions  of  equilibrium  at  the  same  instant  In 
order  that  it  may  be  a  circle,  the  amplitudes  of  the  two  simple  har- 
monic motions  must  be  equal,  and  one  fork  must  be  in  a  position  of 
maximum  displacement  when  the  other  is  in  the  position  of  eqoi- 
libriunL 

If  the  unison  were  rigorous,  the  curve  once  obtained  would  imm 
unchanged,  except  in  so  far  as  its  breadth  and  height  became  reduced 
by  the  dying  away  of  the  vibrations.  But  this  perfect  unison  is 
never  attained  in  practice,  and  the  eye  detects  changes  depending 
on  differences  of  pitch  too  minute  to  be  perceived  by  the  ear.  !n»e 
changes  are  illustrated  by  the  upper  row  of  forms  in  Fig.  604,  tm- 
mencing,  say,  with  the  sloping  straight  line  at  the  left  hand,  vhidi 
gradually  opens  out  into  an  ellipse,  and  afterwards  contracts  inV)  a 
straight  line,  sloping  the  opposite  way.  It  then  retraces  its  stq& 
moving  in  opposition  to  the  arrows  in  the  figure,  and  goes  thioi^ 
the  same  changes  again. 

If  the  interval  between  the  two  forks  is  an  octave,  we  shall  obtiun 
the  curves  represented  in  the  second  row;*  if  the  interval  is  a  fifth, 
we  shall  obtain  the  curves  in  the  lowest  row.  In  each  case  the  older 
of  the  changes  will  be  understood  by  proceeding  from  left  to  right 

^  Employing  horizontal  and  vertical  co-ordinaten,  and  denoting  the  amplitudes  bj  a  as} 
b,  we  have,  in  the  case  of  unison,  —  =8in  ^,  ^  =  sin  (^+/3),  where  /3  denotes  the  ^fferaw 

of  phase,  and  0  is  an  angle  varying  directly  as  the  time.    Eliminating  0,  we  obtein  tb 
equation  to  an  eUipse,  whoee  form  and  dimensions  depend  upon  the  ^tol  ipair 
ties,  a,  b,  p. 
*  The  middle  curve  in  this  row  is  a  parabola,  and  corresponds  to  the  diminalioB  d  . 

between  the  equations  —  =  cos  2  dj-  =  cos  0.  The  coefficient  2  indicates  the  dooUe  fre- 
quency of  horizontal  as  compared  with  vertical  vibrations. 

The  general  equations  to  Lissajous*  figures  are  —  =  sin  m  6,^  =  sin  (»  ^+/3),  what  a 

and  n  are  proportional  to  the  frequencies  of  horizontal  and  vertical  vibratioiis.  The  giacsa. 
ehang^  from  one  figure  to  another  depend  on  the  gradual  change  of  p,  and  all  the  %Kra 
oib  be  inscribed  in  a  rectangle,  whose  length  and  breadth  are  2  a  and  2&» 
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and  then  bock  again;  but  the  curves  obtuned  in  retonuDg 
iDverted. 

677.  Optical  Tuninj*. — By  the  aid  of  these  principles,  tunir 
can  be  compared  with  a  standard  fork  with  much  greater  pi 
tban  would  be  attiunable  by  ear.  Fig.  603  represents  a  con 
arrangement  for  this  purpose;     A  lens  /  ia  attached  to  one 


Fl|.  OdS.— OpUal  CompulioD  ot  Tunlng-fbrlK 

prongs  of  a  standard  fork,  which  vibrates  in  a  horizontal  plan 
above  it  is  fixed  an  eye-piece  g,  the  combination  of  the  two 
equivalent  to  a  microscope.  The  fork  to  be  compared  is  plai 
right  beneath,  and  vibrates  in  a  vertical  plane,  the  end  of  oat 
being  in  the  focua  of  the  microscope.  A  bright  point  m,  pr 
by  making  a  little  scratch  on  the  end  of  the  prong  with  a  dii 
is  observed  through  the  microscope,  and  is  illuminated,  if  nee 
by  converging  a  beam  of  light  upon  it  through  the  lens  c. 
the  forks  are  set  vibrating,  tlie  bright  point  is  seen  as  a  lui 
ellipse,  whose  permanence  of  form  ia  a  test  of  the  closeneaa 
nnisoQ.  The  ellipse  will  go  through  a  complete  cycle  of  changei 
time  required  for  one  fork  to  gain  a  complete  vibration  on  tlu 
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677  a.  Other  Modes  of  producing  LissajoiiB'  Figiues.^An  arrange. 
ment  devised  in  1844!  by  Professor  Blackburn,  of  Glasgow,  then  a 
student  at  Cambridge,  affords  a  very  easy  mode  of  obtaining,  by  a 
slow  motion,  the  same  series  of  curves  which,  in  the  above  arrange- 
ments, are  obtained  by  a  motion  too  quick  for  the  eye  to  follow.  A 
cord  ABC  (Fig.  605a)  is  fastened  at  A  and  C,  leaving  more  or 
less  slack,  according  to  the  curves  which  it  is  desired  to  obtain; 


Fig.  605  a.— BlAokbani*a  Pendalom. 

and  to  any  intermediate  point  B  of  the  cord  another  string  is  tied, 
carrying  at  its  lower  end  a  heavy  body  D  to  serve  as  penduhna- 
bob. 

If,  when  the  system  is  in  equilibrium,  the  bob  is  drawn  aside  in 
the  plane  of  A  B  C  and  let  go,  it  will  execute  vibrations  in  thai 
plane,  the  point  B  remaining  stationary,  so  that  the  length  of  tk 
pendulum  is  B  D.  If,  on  the  other  hand,  it  be  drawn  aside  in  & 
plane  perpendicular  to  the  plane  ABC,  it  will  vibrate  in  tbis per- 
pendicular plane,  carrying  the  whole  of  the  string  with  it  in  its 
motion,  so  that  the  length  of  the  pendulum  is  the  distance  of  the 
bob  from  the  point  E,  in  which  the  straight  line  AC  is  cut  bjDB 
produced  The  frequencies  of  vibration  in  the  two  cases  will  be 
inversely  as  the  square  roots  of  the  pendulum-lengths  B  D,  ED. 

If  the  bob  is  drawn  aside  in  any  other  direction,  it  will  not  vibrate 
in  one  plane,  but  will  perform  movements  compounded  of  the  tvo 
independent  modes  of  vibration  just  described,  and  will  thus  descnbf 
curves  identical  with  LLssajous'.  If  the  lutio  of  E  D  to  B  D  is  nearly 
equal  to  unity,  as  in  the  left-hand  figure,  we  shall  have  curves  cor- 
responding to  approximate  unison.  If  it  be  approximately  4,  as  m 
the  right-hand  figure,  we  shall  obtain  the  curves  of  the  octaTC. 
Traces  of  the  curves  can  be  obtained  by  employing  for  the  bob  a 
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vessel  containing  sand,  which  runs  out  throng 
opening  at  the  bottom. 

The  carves  can  also  be  exhibited  by  fixing  a 
at  one  end,  and  causing  the  other  end  to  Tibrate 
was  the  earliest  known  method  of  obtaining  the 
rigidity  of  the  rod  is  precisely  the  same  for  all  tr 
the  vibrations  \;ill  be  executed  in  one  plane;  h 
inequality  in  this  respect,  there  will  be  two  mut 
directions  possessing  the  same  properties  as  the  t 
tions  of  vibration  in  Blackbcrn's  pendulum.  A 
knob  is  neually  £zed  on  the  vibrating  extremity 
visible, 

678.  Charaoter. — Character  or  timbre,  which 
defined  in  §  64d,  must  of  necessity  depend  on  the 
tion  of  the  aerial  particles  by  which  sound  is  tra 
form  being  used  in  the  metaphorical  sense  tbei 
the  literal  sense  the  form  is  always  a  straighl 
changes  of  density  are  represented  by  ordinate: 
Fig.  575,  the  form  of  this  curve  is  what  is  mei 
vibration. 

The  subject  of  tirnbre  has  been  very  thoroug 
I'ecent  years  by  Helmholtz;  and  the  results  at  w 
are  now  generally  accepted  as  correct 

The  first  essential  of  a  musical  note  is,  that  th< 
which  constitute  it  shall  be  strictly  periodic;  t 
each  vibration  shall  be  exactly  like  its  successo 
that,  if  there  be  any  deviation  from  strict  period 
gradual  as  not  to  produce  sensible  dissimilarity  bt 
secntive  vibrations  of  the  same  particle. 

There  is  scarcely  any  proposition  more  importai 
to  modem  physical  investigations  than  the  follo' 
theorem,  which  was  discovered  by  Fourier: — A'i 
tion  executed  in  one  line  can  be  definitely  ret 
viJfrations,  of  which  one  has  the  same  frequency 
Hon,  and  the  others  have  frequencies  2,  3,  4,  5  . 
no  fractional  multiples  being  admissible.  The 
briefly  expressed  by  sajnng  that  every  periodic  vi 
o  fundamental  simple  vUn'Otion  and  its  harmon 

'  Mr.  Hubert  Aiij  hai  obtuned  very  be&utiful  tracea  bj  attu 
bob.     See  Nalurt,  Aug.  17  and  Sept.  7,  1871. 
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We  cannot  but  associate  this  mathematical  law  with  the  experi- 
mental fact,  that  a  trained  ear  can  detect  the  presence  of  harmoniia 
in  all  but  the  very  simplest  musical  notes.  The  analysis  which 
Fourier's  theorem  indicates,  appears  to  be  actually  performed  by  the 
auditory  apparatus. 

The  conatitvjtion  of  a  periodic  vibration  may  be  said  to  be  known 
if  we  know  the  ratios  of  the  amplitudes  of  the  simple  vibrations 
which  compose  it;  and  in  like  manner  the  constitution  of  a  soond 
may  be  said  to  be  known  if  we  know  the  relative  intensities  of  ibe 
different  elementary  tones  which  compose  it 

Helmholtz  has  shown  that  the  character  of  a  musical  note  depends 
upon  its  constitution  as  thus  defined ;  and  that,  while  change  of 
intensity  in  any  of  the  components  produces  a  modification  of  char- 
acter, change  of  phase  has  no  influence  upon  it  whatever.  Qasxgt 
of  phase  does  however  afiect  the  form  of  the  resultant  vibntioD. 
Thus  certain  changes  of  form  are  admissible  without  change  of 
character. 

The  harmonics  which  are  present  in  a  note,  usually  find  &&r 
origin  in  the  vibrations  of  the  musical  instrument  itself    In  tbe 
case  of  stringed  instruments,  for  example,  along  with  the  vibra&n 
of  the  string  as  a  whole,  a  number  of  segmental  vibrations  aie  am- 
ultaneously  going  on.     Fig.  588  represents  curves  obtained  by  tbe 
composition  of  the  fundamental  mode  of  vibration  with  anotiitf  an 
octave  higher.     Tbe  broken  lines  indicate  the  forms  which  the  string 
would  assume  if  yielding  only  its  fundamental  nota^     The  continn- 
ous  lines  in  the  first  and  third  figures  are  forms  which  a  string  may 
assume  in  its  two  positions  of  greatest  displacement,  when  yielding 
the  octave  along  with  the  fundamental,  the  time  required  for  the 
string  to  pass  from  one  of  these  positions  to  the  other  being  the  same 
as  the  time  in  which  each  of  its  two  segments  moves  across  and  back 
again.     The  second  and  fourth  figures  must  in  like  manner  be  tak^ 
together,  as  representing  a  pair  of  extreme  positiona     The  number 
of  harmonics  thus  yielded  by  a  pianoforte  wire  is  usually  some  four 
or  five;  and  a  still  larger  number  are  yielded  by  the  strings  of  a 
violin. 

The  notes  emitted  from  wide  organ-pipes  with  flute  mouth-pieo^ 
are  very  deficient  in  harmonics.   This  defect  is  remedied  by  combining 

^  The  form  of  a  Btring  vibrating  bo  as  to  give  only  one  tone  (whether  fnndamenial  a 
hannoiiic)  is  a  curve  of  sines^  all  its  ordinates  increasing  or  HimimAmg  in  the  mtas  jio- 
portion,  as  the  string  moves. 
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with  each  of  the  larger  pipes  a  aeries  of  smaller  pipes,'  each 
one  of  its  harmonics.     An  ordioaiy  listener  hears  only  one 


the  same  pitch  as  the  ^ndamental,  but  much  richer  in  c 
thaD  that  which  the  fundamental  pipe  yields  alone.  A  trai 
cau  recognize  the  individual  harmonics  in  this  case  as  in  an^ 
It  is  important  to  remark,  that  though  the  presence  of  h 
subdivisions  in  a  vibrating  body  necessarily  produces  barm 
the  sound  emitted,  the  converse  cannot  be  asserted.  SimpI 
tions,  executed  by  a  vibrating  body,  produce  vibrations  of  t 
frequency  as  their  own,  in  any  medium  to  which  they  are  ti 
ted,  but  not  necessarily  aimple  vibrations.  If  they  produ 
pound  vibrations,  these,  as  we  have  seen  (§  67S),  must  coni 
fundamental  simple  vibration  and  its  harmonics. 

'  The  Btopa  called  opm  diapaton  tnd  tiop  diapaton  (conBiBting  respectivaly  ol 
■topped  pipes),  give  tbe  f uuduneatal  tone,  klmoit  free  from  lurtuonia.  The  Bto 
oiled  fyrineipal  gives  the  Becond  tone,  thnt  ib  the  octave  above  the  fimdatne 
■topi  called  tKtffth  and  fifleenii  give  the  third  uid  fourth  tooei,  vMch  are 
(octave  -t-  fifth),  and  %  Gfleenth  (double  octave)  above  the  fundamentaL  Tb< 
tilth  tones  are  included  in  tbe  atop  called  miiUure. 

Ab  uikiiy  of  our  readers  will  be  unacquunted  with  the  atructure  of  organa, 
deuraUa  to  itate  that  an  oi^;an  contains  a  nnmbar  of  complete  inBtratDsntB,  each 
of  several  octaves  of  pipes.  Each  of  these  complete  instrumentB  is  called  a  i 
brought  into  use  at  tbe  pleaanre  of  the  organist  by  pulling  out  a  slide,  by  meanc 
handle,  on  which  the  name  of  the  stop  Is  marked.  To  throw  it  out  of  use,  be 
the  slide.     A  large  number  of  stops  are  often  in  use  at  once. 
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679.  Helmholts'B  Besonaton. — Helmholtz  derived  maUml  aid  b 
liiB  researches  from  an  inatrument  devised  by  himself,  and  oiled  s 
resonator  or  resonance  globe  (Fig.  606).  It  is  a  hollow  globe  of  thin 
brass,  with  an  opening  at  each  end,  the  larger  one  serving  for  the 
admission  of  sound,  while  the  smaller  one  is  introduced  into  the  ear. 
The  inclosed  mass  of  air  has,  like  the  column  of  air  in  an  oi^n-pipe, 
a  particular  fundamental  note  of  its  own,  depending  upon  its  size; 
arid  whenever  a  note  of  ihLs  particular  pitch  is  sounded  in  its  neigli- 
bourbood,  the  inclosed  air  takes  it  up  and  intensifies  it  by  resonance 


Fig,  sot.— Itt»tia-.ar. 

In  order  to  test  the  presence  or  absence  of  a  particular  harmonic  ia 
a  given  musical  tone,  a  i-esonator,  in  unison  with  this  haimonic,  is 
applied  to  the  ear,  and  if  the  resonator  speaks  it  is  known  that  liii 
harmonic  is  present.  These  instruments  are  commonly  constnictw 
80  as  to  form  a  series,  whose  notes  correspond  to  the  bass  C  of  > 
man's  voice,  and  its  succes-iive  harmonics  as  far  as  tbe  10th  or  ISth. 

Eoenig  has  applied  the  principle  of  manometric  flames  to  enable* 
large  number  of  persons  to  witness  the  analysis  of  sounds  by  resona- 
tora  A  series  of  6  resonators,  whose  notes  have  frequencies  propM- 
tional  to  1,  2,  3,  4,  5,  6,  are  fixed  on  a  stand  (Fig.  607),  and  their 
smaller  ends,  instead  of  being  applied  to  tbe  ear,  are  connected  each 
with  a  separate  manometric  capsule,  which  acte  on  a  gas  jet.  V^ben 
tbe  mirrors  are  turned,  it  is  easy  to  see  which  of  the  flames  vibnw 
while  a  sonorous  body  is  passed  in  front  of  the  resonatora 

A  simple  tone,  unaccompanied  by  harmonica,  is  dull  and  unis- 
teresting,  and,  if  of  low  pitch,  is  very  destitute  of  penetratii^ 
quality. 

Sounds  composed  of  the  first  six  elementary  tones  in  fair  iwopff- 
tion,  are  rich  and  sweet. 
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ance  that  the  vaiious  vowel  sounds  are  produced  The  deepest  pitdi 
belongs  to  the  vowel  sound  which  is 'expressed  in  English  by  oo  (as 
in  moon),  and  the  highest  to  66  (as  in  screech), 

Willis  in  1828^  succeeded  in  producing  the  principal  vowel  sounds 
by  a  single  reed  fitted  to  various  lengths  of  tube.  Wheatstone,  a 
few  years  later,  made  some  advances  in  theory,^  and  constracted  a 
machine  by  which  nearly  all  articulate  sounds  could  be  imitated 

The  best  determinations  of  the  particular  notes  which  are  rein- 
forced in  the  case  of  the  several  vowel  sounds,  have  been  made  by 
Helmholtz,  who  employed  several  methods,  but  chiefly  the  two  fol- 
lowing : — 

1.  Holding  resonators  to  the  ear,  while  a  particular  vowel  Bound 
was  loudly  sung. 

2.  Holding  vibrating  tuning-forks  in  front  of  the  mouth  wben  in 
the  proper  position  for  pronouncing  a  given  vowel ;  and  obsenisg 
which  of  them  had  their  sounds  reinforced  by  resonance.' 

Helmholtz  has  verified  his  determinations  synthetically.    He  em- 
ploys a  set  of  tuning-forks  which  are  kept  in  vibration  by  the  sltff* 
Date  making  and  unmaking  of  electro-magnets,  the  circuit  bong 
made  and  broken  by  the  vibrations  of  one  large  fork  of  64  vibratiiHis 
per  second.     The  notes  of  the  other  forks  are  the  successiTe  bar- 
monies  of  this  fundamental  note.     Each  fork  is  accompanied  by  a 
resonance-tube,  which,   when  open,  renders  the  note  of  the  foik 
a.udible  at  a  distance ;  and  by  means  of  a  set  of  keys,  like  those  of  a 
piano,  any  of  these  tubes  can  be  opened  at  pleasure.    The  diffeieni 
vowel-sounds  can  thus  be  produced  by  employing  the  proper  com- 
binations. 

The  same  apparatus  served  for  establishing  the  principle  §  678;» 
that  the  character  of  a  musical  sound  depends  only  on  constiiviiffht 
irrespective  of  change  of  phases 

^  Cambridge  TS'ontaetioiu,  vol.  iii. 

^  London  and  Weatminater  JUview,  October,  18S7. 

*  According  to  Koenig  (Comptea  Rendua,  1870)  the  notes  of  strongest  resonaBoe  fior  tk 
Towela  tt,  0,  a,  e,  t,  as  pronounced  in  North  Germany,  are  the  five  saooeasiTe  octans  ot 
B  flat,  commencing  with  that  which  corresponds  to  the  space  above  the  top  fine  d  U^ 
base  clef.  Willis,  Helmholtz,  and  Koenig  all  agree  as  regazds  the  note  of  the  vomd  c 
which  is  very  nearly  that  of  a  common  A  tuning-fork.  They  are  abo  agreed  Ripeeta| 
the  note  of  a  (as  in  father),  which  is  an  octave  higher. 
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680a.  Concord  and  Discord. — Every  one  not  utterl; 
musical  ear  is  familiar  with  the  f&ct  that  certain  notes, 
together,  produce  a  pleasing  effect  by  their  comb 
certain  othera  produce  an  unpleaaing  effect.  The  c 
two  or  more  notes,  when  agreeable,  is  called  concord  c 
when  disf^eeable,  discord  or  diasimance.  The  distil 
to  depend  ahnost  entirely  on  difference  of  pitch,  that 
frequency  of  vibration ;  bo  that  the  epithets  consonant 
can  with  propriety  be  applied  to  intervals. 

The  following  intervals  areconsonant:  unison  (1  :  1). 
octave  +  fifth  (1  :  3),  double  octave  (1  :  4),  fifth  {2  :  3) 

The  major  third  (4  :  5)  and  major  sixth  (3  :  5),  tog 
minor  third  {5  ;  6)  and  minor  sixth  (5  :  8),  are  less  j 
consonance. 

The  second  and  the  seventh,  whether  major  or  i 
sonant  intervals,  whatever  system  of  temperament 
as  are  also  an  indefinite  number  of  otiier  intervals  nol 
musia 

Besides  the  difference  as  regards  pleasing  or  unple 
is  to  be  remarked  that  consonant  intervals  can  be  id< 
with  much  greater  accuracy  than  those  which  are  diss 
cal  instruments  are  generally  tuned  by  octaves  and 
^ery  slight  errors  of  excess  or  defect  in  these  inter 
detected  by  the  ear.  To  tune  a  piano  by  the  mt 
of  successive  notes  would  be  beyond  the  power  of 
ful  musician.  A  sharply  marked  interval  is  alway 
intervaL 
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680  b.  Jarring  Effect  of  Dissonanoe. — According  io  the  theory  pro- 
pouuded  by  Helmholtz,  the  unpleasant  efiect  of  a  dissonant  interval 
consists  essentially  in  the  production  of  beat&  These  have  a  jarriog 
effect  upon  the  auditory  apparatus,  which  beiH>mes  increasingly  dis- 
agreeable as  the  beats  increase  in  frequency  up  to  about  33  per 
second,  and  becomes  gradually  less  disagreeable  as  the  frequency  is 
still  further  increased  The  sensation  produced  by  beats  is  compar- 
able to  that  which  the  eye  experiences  from  the  bobbing  of  a  gas 
flame  in  a  room  lighted  by  it ;  and  the  frequency  which  entails  the 
maximum  of  annoyance  is  in  this  case  much  smaller,  on  aoooont  of 
the  greater  persistence  of  visible  impressions.  The  annoyance  must 
evidently  cease  when  the  succession  becomes  so  rapid  as  to  produce 
the  effect  of  a  continuous  impression. 

We  have  already  (§  644!  a)  described  a  mode  of  producing  beats  vitk 
any  degree  of  frequency  at  pleasure;  and  this  experiment  isoueof 
the  main  foundations  on  which  Helmholtz  bases  his  view. 

680c.  Beats  of  Harmonics. — The  beats  in  the  experiment  abo^e 
alluded  to,  are  produced  by  the  imperfect  unison  of  two  notes,  and 
indicate  the  number  of  vibrations  gained  by  one  note  upon  the  otba*. 
Their  existence  is  easily  and  completely  explained  by  the  considera- 
tions adduced  in  §  644  a.  But  it  is  well  known  to  musicians,  ar.d 
easily  established  by  experiment,  that  beats  are  also  produced  be 
tween  notes  whose  interval  is  approximately  an  octave,  a  fifth,  or 
some  other  consonance;  and  that,  in  these  cases  also,  the  beats beoose 
more  rapid  as  the  interval  becomes  more  faulty. 

These  beats  are  ascribed  by  Helmholtz  to  the  common  banncnic 
of  the  two  fundamental  notes.  For  example,  in  the  case  of  tbefiftl^ 
(2:3),  the  third  tone  of  the  lower  note  would  be  identical  with  the 
second  tone  of  the  upper,  if  the  interval  were  exact;  and  the  beats 
which  occur  are  due  to  the  imperfect  unison  consequent  on  the  devia- 
tion from  exact  truth.  All  beats  are  thus  explained  as  due  to  im- 
perfect unison. 

This  explanation  is  not  merely  conjectural,  but  is  established  by 
the  following  proofs : — 

1.  When  an  arrangement  is  employed  by  which  the  fifth  is  made 
false  by  a  known  amount,  the  number  of  beats  is  found  to  agree 
with  the  above  explanation.  Thus,  if  the  interval  is  made  to  cor- 
respond to  the  ratio  200  :  301,  it  is  observed  that  there  are  2  beats 
to  every  200  vibrations  of  the  lower  note.     Now  the  harmonics  which 
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ore  ia  approximate  uoison  are  represented  by  600  a 
difference  of  these  is  2. 

2.  When  the  resonator  corresponding  to  this  com 
held  to  the  e&r,  it  responds  to  the  beats,  ehoTving  tti 
is  undergoing  variationa  of  strength;  but  when  a 
spending  to  either  of  the  fundamental  notes  is  empi 
respond  to  the  beats,  but  indicates  steady  coutinua 
priate  note. 

3.  By  a  careful  exercise  of  attention,  a  person  wit 
hear,  without  any  artificial  aids,  that  it  is  the  co 
vliich  undei^oes  variations  of  intensity,  and  tliab 
notes  continue  steady. 

680i).  Beating  Notes  mast  be  Hear  Togetber. — Ir 
simple  tones  may  yield  audible  beats,  it  is  necessary 
interval  between  them  should  be  small ;  in  other  wor 
of  their  frequencies  of  vibration  should  be  nearly  equ; 
simple  notes  of  300  and  320  vibrations  per  secoi 
beats  in  a  second,  and  will  be  eminently  discord; 
between  them  being  only  a  semitone  (15  ;  16),  bul 
40  and  GO  vibrations  per  second  will  not  give  bf 
between  them  being  a  filth  (2  :  3).  The  wider  the 
two  dimple  notes,  the  feebler  will  be  their  beats ; 
for  a  given  frequency  of  beats,  the  harshness  of  th 
with  the  nearness  of  the  notes  to  each  other  on  tl 
By  taking  joint  account  of  the  number  of  beats  am 
the  beating  tones,  Helmholtz  has  endeavoured  to 
cally  the  severity  of  the  discords  resulting  from  tt 
the  note  C  of  256  vibrations  per  second  with  any  pi 
within  an  octave  on  the  upper  side  of  it,  a  partic 
(approximately  that  of  the  violin)  being  assumed 
He  finds  a  complete  absence  of  discord  for  the 
son,  the  octave,  and  the  fifth,  and  very  small  an 
for  the  fourth,  the  sixth,  and  the  tliird.  By  iar  t 
are  found  for  the  intervals  of  the  semitone  and 

'  The  expluutioD  adopted  bj  Helmboltz  is,  that  a  cerlun  part  ol 
trgan,  oontaiui  a  number  ol  elastic  Abree,  eacb  of  which  is  attuned 
tone,  wnd  ii  thrown  into  Tibration  wlien  this  tone,  or  one  nearl; 
Bounded.  Tva  ionea  in  appraximatD  tmison,  when  sounded  togeth 
in  common,  and  cauao  them  to  beat.  Tones  not  in  approximate 
distinct  seta  of  fibi«i,  and  thus  cuinot  produce  interfeience. 
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and  the  next  worst  are  for  intervals  a  little  greater  or  less  than  the 
fifth. 

680  b.  Imperfect  Concord. — When  there  is  a  complete  absence  of 
discord  between  two  notes,  they  are  said  to  form  a  perfect  ooncori 
The  intervals  unison,  fifth,  octave,  octave  +  fifth,  and  the  interval 
from  any  note  to  any  of  its  harmonics,  are  of  this  clasa  The  third, 
fourth,  and  sixth  are  instances  of  imperfect  concord.  Suppose,  for  ex- 
ample, that  the  two  notes  sounded  together  are  C  of  256  and  £  of  320 
vibrations  per  second,  the  interval  between  these  notes  being  a  troe 
major  third  (4  :  5) ;  and  suppose  each  of  these  notes  to  consist  of 
the  first  six  simple  tones. 

The  first  six  multiples  of  4  are 

4,  8,  12,  16.  20,  24 
The  first  six  multiples  of  5  are 

5,  10,  15,  20,  25,  30. 

In  searching  for  elements  of  discord,  we  select  (one  from  each  Efie) 
two  multiples  differing  by  unity. 

Those  which  satisfy  this  condition  are 

4  and  5 ;  16  and  15;  24  and  25. 

But  the  firat  pair  (4  and  5)  may  be  neglected,  because  their  ratio 
differs  too  much  from  unity.  Discordance  will  result  from  eachot 
the  two  remaining  pairs;  that  is  to  say,  the  4th  element  of  the  lower 
of  our  two  given  notes  is  in  discordance  with  the  3d  element  of  the 
upper:  and  the  6th  element  of  the  lower  is  in  discordance  with  the 
5th  element  of  the  higher.  To  find  the  frequencies  of  the  beats,  we 
must  multiply  all  these  numbers  by  64,  since  256  is  4  times  64,  and 
320  is  5  times  64.  Instead  of  a  difference  of  1,  we  shall  then  find  a 
difference  of  64,  that  is  to  say,  the  number  of  beats  per  second  is  64 
in  the  case  of  each  of  the  two  discordant  combinations  which  ve 
have  been  considering. 

680f.  Resultant  Tones. — Under  certain  conditions  it  is  found  that 
two  notes,  when  sounded  together,  produce  by  their  combination 
other  notes,  which  are  not  found  as  constituents  of  either.  They  are 
called  resiiUant  tones,  and  are  of  two  kinds,  differenc&4o7Us  ^s^i 
summation-tones,  A  difference-tone  has  a  frequency  of  vibrBtion 
which  is  the  difference  of  the  frequencies  of  its  componenta  A  swm- 
mation-tone  has  a  frequency  of  vibration  which  is  the  sum  of  the 
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frequencieB  of  its  compooenta  As  the  components  n 
fundamental  tones  or  overtones,  two  notes  which  are 
monies  may  yield,  by  their  combination,  a  lai^  numbe 
tones. 

The  difference-tones  were  observed  in  the  last  cent 
and  Tartini,  and  were,  until  recently,  attributed  to  be; 
quency  of  beats  is  always  the  difference  of  the  frequen 
tjon  of  the  two  elementary  tones  which  produce  them 
supposed  that  a  rapid  snccession  of  beats  produced  a 
corresponding  to  this  frequency. 

This  expIauatioD,  if  admitted,  would  furnish  an  exce; 
otherwise  appears  to  be  the  universal  law,  that  evei 
tone  arises  from  a  corresponding  simple  vibratioTi.^  S 
tion  should  not  be  admitted  without  necessity;  and  ii 
instance  it  is  not  only  unnecessary,  but  also  insufficieni 
it  fails  to  render  any  account  of  the  summation-tones. 

Helmholtz  has  shown,  by  a  mathematical  invest 
when  two  systems  of  simple  waves  agitate  the  same 
their  mutual  influence  must,  according  to  the  recogi 
dynamics,  give  rise  to  two  derived  systems,  having  freq 
are  respectively  the  sum  and  the  difference  of  the  freqi 
two  primary  systems.  Both  classes  of  resultant  tones 
pletely  accounted  for. 

The  resultant  tones — especially  the  summation-ton 
fainter  than  the  others — are  only  audible  when  the  ] 
are  loud ;  for  their  existence  depends  upon  small  qua 
second  order,  the  amplitudes  of  the  primaries  being 
comparison  with  the  wave-lengths)  as  small  quantitit 
order. 

If  any  further  proof  be  required  that  the  difference 
due  to  the  coalescence  of  beats,  it  is  furnished  by  the 
certain  circumstances,  the  beats  and  the  difference-tone 
heard  together, 

68O0.  Beats  due  to  Besnltont  Tones.— The  existenc 
tones  serves  to  explain,  in  certain  cases,  the  produ( 
between  notes  which  are  wanting  in  harmonics.  Fc 
two  siTiiple  sounds,  of  100  and  201  vibrations  per  secont 
&re  sounded  together,  one  beat  per  second  will  be  prod' 
'  Tbc  discover;  of  this  Uw  is  due  to  Ohm. 
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the  difference-tone  of  101  vibrations  and  the  primary  tone  of  100 
vibrations.  By  the  beats  to  which  they  thus  give  rise,  resultant 
tones  exercise  an  influence  on  consonance  and  dissonance. 

Resultant  tones,  when  sufficiently  loud,  are  themselves  capable  of 
performing  the  part  of  primaries,  and  yielding  what  are  called  resuU- 
ant  tones  of  the  second  order,  by  their  combination  with  other  pri- 
maries. Several  higher  orders  of  resultant  tones  can,  under  pecu- 
liarly favourable  circumstances,  be  sometimes  detected. 
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CHAPTER  LVII. 


PROPAQATION   OF    LIOHT. 


681.  Lijrht. — Light  is  the  immediate  external  caua 
impressions.  Objects,  except  such  as  are  styled 
become  invisible  when  brought  into  a  dark  room.  1 
something  additional  is  necessary  to  render  them  vi 
mysterious  agent,  whatever  its  real  nature  may  be,  w 
Light,  like  sound,  i^  believed  to  consist  in  vibratic 
not,  like  sound,  require  the  presence  of  air  or  other  g 
enable  its  vibrations  to  be  propagated  from  the  sour 
cipient  When  we  exhaust  a  receiver,  objects  in  its 
become  less  visible;  and  the  light  of  the  heavenly  bo( 
vented  from  reaching  us  by  the  highly  vacuous  sp 
between. 

It  seems  necessary  to  assume  the  existence  of  a  me 
subtle  than  ordinary  matter;  a  medium  which  perv. 
moat  vacuous  spaces  and  the  interior  of  all  bodies, 
liquid,  or  gaseous;  and  which  is  so  highly  elastic,  in  pi 
density,  that  it  ie  capable  of  transbiitting  vibrations  ^ 
enormously  transcending  that  of  sound. 

This  hypothetical  medium  is  called  CBther.  Fron 
facility  with  which  bodies  move  about  in  it,  we  mig 
to  call  it  a  subtle  fluid;  but  the  undulations  whic 
propagate  are  not  such  as  can  be  propagated  by  flui 
properties  are  rather  those  of  a  solid ;  and  its  waves 
to  the  pulses  which  travel  along  the  wires  of  a  piano 
the  waves  of  extension  and  compression  by  which  8( 
gated  through  air.  LumiTioiia  vibrationB  are  transve 
of  aov/nd,  are  longihidinal. 
A  self-luminous  body,  such  as  a  red-hot  poker  or 
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candle,  is  in  a  peculiar  state,  of  vibration.  This  yibration  is  com- 
municated to  the  surrounding  aether,  and  is  thus  propagated  to  the 
eye,  enabling  us  to  see  the  body.  In  the  majority  of  cases^  howerer, 
we  see  bodies  not  by  their  own  but  by  reflected  light;  and  we  are 
enabled  to  recognize  the  various  kinds  of  bodies  by  the  different 
modifications  which  light  undergoes  in  reflection  &om  their  sor&ces. 

As  all  bodies  can  become  sonorous,  so  also  all  bodies  can  become 
self-luminous.  To  render  them  so,  it  is  only  necessary  to  raise  them 
to  a  sufficiently  high  temperature,  whether  by  the  communication 
of  heat  from  a  furnace,  or  by  the  passage  of  an  electric  corrent,  or 
by  causing  them  to  enter  into  chemical  combination.  It  is  to  chemi- 
cal combination,  in  the  active  form  of  combustion,  that  we  are  in- 
debted for  all  the  sources  of  light  in  ordinary  use. 

The  vibrations  of  the  aether  are  capable  of  producing  other  eSeeis  '] 
besides  illumination.  They  constitute  what  is  called  radiant  heit 
and  they  are  also  capable  of  producing  chemical  effects,  as  in  [lioto-  j 
graphy.  Vibrations  of  high  frequency,  or  short  period,  are  theoffit 
active  chemically.  Those  of  low  frequency  or  long  period  kn 
usually  the  most  powerful  heating  effects;  while  those  which  affect 
the  eye  with  the  sense  of  light  are  of  moderate  frequency. 

682.  Rectilinear  Propagation  of  Light. — ^AU  the  remarks  ^cb  , 
have  been  made  respecting  the  relations  between  period,  freq[QeiiCT,  | 
and  wave-length,  in  the  case  of  sound,  are  equally  applicable  to  fig^t 
inasmuch  as  all  kinds  of  luminous  waves  (like  all  kinds  of  wosxm 
waves)  have  the  same  velocity  in  the  same  medium ;  but  this  ^ 
city  is  many  hundreds  of  thousands  of  times  greater  for  light  than 
for  sound,  and  the  wave-lengths  of  light  are  at  the  same  time  very 
much  shorter  than  those  of  sound.  •  Frequency,  being  the  qaotient  <^ 
velocity  by  wave-length,  is  accordingly  about  a  million  of  millioBS 
of  times  greater  for  light  than  for  sound.  The  colour  of  lowest  pitch 
is  deep  red,  its  frequency  being  about  400  million  million  vibrations 
per  second,  and  its  wave-length  in  air  760  miUionths  of  a  millimetre. 
The  colour  of  highest  pitch  is  deep  violet;  its  fr^uency  is  about  760 
million  million  vibrations  per  second,  and  its  wave-IengUi  in  air  400 
millionths  of  a  millimetre.  It  thus  appears  that  the  range  of  seeing  is 
much  smaller  than  that  of  hearing,  being  only  about  one  octave. 

The  excessive  shortness  of  luminous  as  compared  with  scmoroos 
waves  is  closely  connected  with  the  strength  of  the  shadows  cast  bj 
a  light,  as  compared  with  the  very  moderate  loss  of  intensity  pit)- 
duced  by  interposing  an  obstacle  in  the  case  of  sound.     Sound  may, 


fiv  ordinary  pnrpoaes,  bf 
ligbt  to  be  only  capable 
fact  may  be  established  1 
Fig.  60S.    Two  screens, 
e&ch    pierced    with    a 
bole,  are    arranged    so 
that  these  holes  are  in 
a  line   vith  the  flame 
of  a  candle.      An  eye 
placed  in  this  line,  be- 
hind the  screens,  is  then 
able  to  see  the  flame; 
but  a  slight  lateral  dis- 
placement, either  of  the 
eye,  the  candle,  or  either 
of    the    screens,     puts 
the  flame  out  of  sight 
It  is  to  be  noted  that, 
in  this  experiment,  the  i 
to  the  candle.     We  shal 
pass  from  one  medium  to 
line. 

We  have  said  that  the  i 
sound-shadows  is  conneci 
Theory  shows  that,  if  lig 
whose  diameter  is  a  vei^ 
wave,  a  strong  shadow  sh 
that,  if  the  hole  or  slit  is 
to  the  length  of  a  wave,  i 
beam  will  be  illuminated, 
dark  room,  by  admitting 
and  receiving  it  on  a  sere 
will  be  marked  with  colo 
if  the  slit  is  made  narrow 
On  the  other  band.  Col 
sion  of  sound  through  tbf 
the  presence  of  a  very  bI 
behind  the  end  of  a  proje< 
For  the  present  we  shal 
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tion  to  the  Dumerous  phenomeDa  which  result  froiji  the  lectiljow 
propagation  of  light 

683.  Imatres  produced  by  Small  Apertiirea.— If  a  white  screen  is 
placed  opposite  a  hole  in  the  shutter  of  a  room  otherwise  quite  ink. 


Fig.  409. — Imiffs  lonnfld  bj  Smfil  Apcr%an. 

an  inverted  picture  of  the  external  landscape  will  be  formetHtooh. 
in  the  natural  colours.  The  outlines  will  be  sharper  in  p^lcftieti 
as  the  hole  is  smaller,  and  distant  objects  wu 
be  more  distinctly  represented  than  those  vii^ 
are  very  near. 

These  results  are  easily  explained.     Cmsiki. 

^*  in  feet,  an  external  object  AB  (Fig.  610),  ui 

I    let  0  be  the  hole  in  the  shutter.     The  pmnt  A 

sends  rays  in  all  directions  into  space,  and  udod: 

'  them  a  small  pencil,  which,  after  passing  throisrii 

the  opening  O,  falls  upon  the  screen  at  A'.    A 

fig.  tio.— Eiptautioo.     receives  light  from  no  other  point  but  A,  ai>i 

A  sends  light  to  no  part  of  the  screen  except  A 

The  colour  and  brightness  of  the  spot  A'  will  accordingly  depend 

npon  the  colour  and  brightness  of  A ;  in  other  words.  A'  will  be  the 


S7U  PBOPAOATION  OP  LIGHT. 

these  circimistaaces  it  ia  eometimes  possible  to  detect  the  pToence  of 
spots  on  the  sun  by  examining  the  image. 

Wben  the  sun's  rays  shine  through  the  foliage  of  a  tree,  tiw  tpAt 
of  light  which  they  form  upon  the  ground  are  always  ronnd  m  o?i1, 
whatever  may  be  the  shape  of  the  interstices  through  whidi  thej 
have  passed,  provided  always  that  these  interstices  are  sm&iL  When 
the  sun  is  undergoing  eclipse,  the  progress  of  the  eclipse  can  be  traced 


by  watching  the  shape  of  these  images,  which  resembles  thatfli  ^ 
uneclipsed  portion  of  the  sun's  disc. 

684.  Theory  of  Shadows. — The  rectilinear 
the  foundation  of  the  geometry  of  shadowa 
be  a  luminous  point,  and  let  an  opaque  body 
cept  a  portion  of  its  raya  If  we  construct  a 
the  body  all  round,  and  having  its  vertex  at 
ia  evident  that  all  the  space  within  this  suHai 
the  opaque  body  is  completely  screened  froi 
thus  constructed  is  called  the  shadow-cone,  a 

any  surface  behind  the  opaque  body  defines  the  shadov  ttiH  ^hk 
that  surface.  In  the  case  which  we  have  been  suppoeiiig — tiM  of  > 
luminous  point — the  shadow-cone  and  the  shadow  it»df  wiD  ^ 
sharply  defined. 
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n  at  Bon  fonnad  bj  Foluga. 
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Actual  BOUTces  of  ligbt,  However,  are  not  mere  lutninooB  points, 
but  have  fiDite  dimensioca  Hence  some  complication  ariaea  Con- 
sider, in  fiict  (Fig.  615),  a  luminous  body  situated  between  two  qaque 
bodies,  one  of  them  larger,  and  tbe  otber  smaller  than  itsel£  Con- 
ceive a  cone  touching  the  luminous  body  and  either  of  the  op&qne 
bodies  externally.  This  will  be  the  cone  of  total  shadow,  or  the 
cone  of  the  umbra.  All  points  lying  witliin  it  are  completely  ex- 
cluded from  view  of  the  luminous  body.  This  cone  nairows  or  en- 
larges as  it  recedes,  according  as  the  opaque  body  ia  smaller  or  larger 
than  the  luminous  body.  In  the  former  case  it  terminates  at  a 
finite  distance.     In  the  latter  case  it  extends  to  infinite  distance 

Now  conceive  a  double  cone  touching  the  luminous  body  and 
either  of  the  opaque  bodies  internally.  This  cone  will  be  wider 
than  the  cone  of  total  shadow,  and  will  include  it.     It  is  called  tbf 
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cone  of  partial  shadow,  or  the  cone  of  the  penumbra.  All  pomts 
lying  within  it  are  excluded  from  the  view  of  some  portion  of  the 
luminous  body,  and  are  thus  partially  shaded  by  tbe  opaque  body- 
If  they  are  near  its  outer  boundary,  they  are  very  slighthf  shaded. 
If  they  are  so  far  within  it  as  to  be  near  the  total  shadow,  they  ve 
almost  completely  shaded.  Accordingly,  if  the  shadow  of  the  opaque 
body  ia  received  upon  a  screen,  it  will  not  have  sharply  defined 
edgeB,  but  will  show  a  gradual  transition  from  the  total  shadov 
which  covers  a  finite  central  area  to  a  complete  absence  of  shadow  U 
the  outer  boundary  of  the  penumbra.  Thus  neither  the  edges  M 
the  umbra  nor  those  of  the  penumbra  are  sharply  defined. 

The  umbra  and  penumbm  show  themielves  on  the  surface  of  tbe 
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opaque  body  itself^  the  line  of  contact  of  the  umbral  cone  being 
further  back  from  the  source  of  light  than  the  line  of  contact  of  the 
penumbral  cone.  The  zone  between  these  two  ]ines  is  in  partial 
shadow,  and  separates  the  portion  of  the  surface  which  is  in  total 
shadow  from  the  part  which  is  not  shaded  at  alL 

685.  Velocity  of  Light. — Luminous  undulations,  unlike  those  of 
sound,  advance  with  a  velocity  which  may  fairly  be  styled  incon- 
ceivable, being  about  298  million  metres  per  second,  or  185,000 
miles  per  second.  As  the  circumference  of  the  earth  is  only  40  mil- 
lion metres,  light  would  travel  seven  and  a  half  times  round  the 
earth  in  a  second. 

Hopeless  as  it  might  appear  to  attempt  the  measurement  of  such 
an  enormous  velocity  by  mere  terrestrial  experiments^  the  feat  has 
actually  been  performed,  and  that  by  two  distinct  methods.  In 
Fizeau's  experiments  the  distance  between  the  two  experimental 
stations  was  about  5^  miles.  In  Foucault's  experiments  the  whole 
apparatus  was  contained  in  one  room,  and  the  movement  of  light 
within  this  room  served  to  determine  the  velocity. 

We  will  first  describe  Fizeau's  experiment    . 

686.  Fizean's  Experiment. — Imagine  a  source  of  light  placed  di- 
rectly in  front  of  a  plane  mirror,  at  a  great  distance.  The  mirror 
will  send  back  a  reflected  beam  along  the  line  of  the  incident  beam, 
and  a>n  observer  stationed  behind  the  source  will  see  its  image  in  the 
mirror  as  a  luminous  point 

Now  imagine  a  toothed- wheel,  with  its  plane  perpendicular  to  the 
path  of  the  beam,  revolving  uniformly  in  front  of  the  source,  in  such 
a  position  that  its  teeth  pass  directly  between  the  source  of  light  and 
the  mirror.     The  incident  beam  will  be  stopped  by  the  teeth,  as  they 
successively  come  up,  but  will  pass  through  the  spaces  between  them. 
Now  the  velocity  of  the  wheel  may  be  such  that  the  light  which  has 
thus  passed  through  a  space  shall  be  reflected  back  from  the  mirror 
just  in  time  to  meet  a  tooth  and  be  stopped.     In  this  case  it  will 
not  reach  the  observer  s  eye,  and  the  image  may  thus  become  per- 
manenUy  invisible  to  him.     From  the  velocity  of  the  wheel,  and  the 
number  of  its  teeth,  it  will  be  possible  to  compute  the  time  occupied 
by  the  light  in  travelling  from  the  wheel  to  the  mirror,  and  back 
again.     If  the  velocity  of  the  wheel  is  such  that  the  light  is  some- 
times intercepted  on  its  return,  and  sometimes  allowed  to  pass,  the 
image  will  appear  steadily  visible,  in  consequence  of  the  persistence 
of  impressions  on  the  retina,  but  with  a  loss  of  brightness  proper- 
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tioned  to  the  time  that  the  light  is  intercepted.  The  wheel  employed 
by  Fizeaa  had  720  teeth,  the  distance  between  the  two  etatioiu  was 
8663  metres,  and  12-6  revolutions  per  second  produced  disappeonnce 
of  the  image.  The  width  of  the  teeth  being  equal  to  the  width  of 
the  spaces,  the  time  required  to  turn  through  the  width  of  a  tootii 
was  i  X  -rhs  X  t^.t  of  *  second,  that  is  tb4tt  of  a  second 

In  this  time  the  light  travelled  a  distance  of  2x8663=17336 
metrea  The  distance  traversed  by  light  in  a  second  would  tbnefore 
be  17,326x18.144  =  314,262,944  metrea  This  determination  of  M. 
Fizeau's  is  believed  to  be  somewhat  in  excess  of  the  truth, 

A  double  velocity  of  the  wheel  would  allow  the  reflected  beam  to 
pass  through  the  space  succeeding  that  through  which  the  incidoii 
beam  had  passed ;  a  triple  velocity  would  again  produce  total  e^pee 
and  so  on.  Several  independent  determinations  of  the  -velocity  of 
light  may  thus  be  obtained 


rig.  tl(.— Finu'i  Bipsrinunt. 

Thus  far,  we  have  merely  indicated  the  principle  of  calculatko. 
It  will  easily  be  understood  that  special  means  were  necessary  to 
prevent  scattering  of  the  light,  and  render  the  image  visible  at  a> 
great  a  distance.  Fig.  616  will  serve  to  give  an  idea  of  the  apparatus 
actually  employed. 

A  beam  of  light  from  a  lamp,  after  passing  through  a  lens,  &lls  en 
a  plate  of  unsilvered  glass  M,  placed  at  an  angle  of  45°,  by  whiidi  it 
is  reflected  along  the  tube  of  a  telescope ;  the  object-glass  of  the 
telescope  is  so  adjusted  as  to  render  the  rays  parallel  on  emergeoet. 
and  in  this  condition  they  traverse  the  interval  between  the  tro 
stationa     At  the  second  station  they  are  collected  by  a  leos,  whid 
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brings  them  to  a  focuB  on  tbe  sur&ce  of  &  plane  mirror,  and  this 
mirror  seada  them  back  along  tbe  same  course  by  which  they  came. 
A  portion  of  tbe  light  thus  sent  back  to  tbe  glass  plate  M  passes 
through  it,  and  is  viewed  by  the  observer  through  an  eye-piece. 
The  wheel  R  is  driven  by  clock-work.    Fig&  617,  618,  619  respect- 
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ively  represent  tbe  appeataoce  of  tbe  luminous  point  as  seen  between 
the  teeth  of  the  wheel  when  not  revolving,  the  total  eclipse  produced 
by  an  appropriate  speed  of  rotation,  aod  the  partial  eclipse  produced 
by  a  different  speed. 

It  was  found  that  there  was  some  uncertainty  in  the  phenomenon 
of  total  eclipse,  probably  because  tbe  lights  when  not  entirely  inter- 
cepted, might  be  so  much  reduced  in  amount  as  to  be  incapable  of 
aifecting  the  retina 

The  experiment  of  M.  Fizeau  was  very  remarkable  as  the  first 
instance  in  which  light  was  proved  to  occupy  a  finite  time  in  tra- 
versing terrestrial  distances;  but  the  method  is  scarcely  capable  of 
giving  accurate  results.  Foucault's  method,  which  we  now  proceed 
to  explain,  is  much  better  fitted  for  rigorous  determinations. 

687.  7oiioanlt'B  Experiment. — Foucault  employed  the  principle  of 
the  rotating  mirror,  first  adopted  by  Wheatstone  in  bis  experiments 
on  the  duration  of  tbe  electric  spark  and  the  velocity  of  electricity 
(§  437,  466).  Tbe  following  was  tbe  coostrucUon  of  his  original 
appaj-atus : — 

A.  "beam  of  light  enters  a  room  by  a  square  hole,  which  has  a  fine 
platinum  wire  stretched  across  it,  to  serve  as  a  mark;  it  is  then 
concentrated  by  an  achromatic  lens,  and,  before  coming  to  a  focus, 
£alls  upon  a  plane  mirror,  revolving  about  an  axis  in  its  own  plane. 
In  one  part  of  tbe  revolution  the  reflected  beam  is  directed  upon  a 
concave  mirror,  whose  centre  of  curvature  is  in  the  axis  of  rotation, 
so  that  the  beam  is  reflected  back  to  the  revolving  mirror,  and 
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thence  back  to  the  hole  at  which  it  first  entered.  Before  leadbing 
the  hole,  it  has  to  traverse  a  sheet  of  glass,  placed  at  an  angle  of  4.5^ 
which  reflects  a  portion  of  it  towards  the  observer's  eye;  and  ihe 
image  which  it  forms  (an  image  of  the  platinum  wire)  is  viewed 
through  a  powerful  eye-piece.  The  image  is  only  formed  duiing  a 
small  part  of  each  revolution ;  but  when  30  turns  are  made  per  aecoDd, 
the  appearance'  presented,  in  consequence  of  the  persistence  of  im- 
pressions, is  that  of  a  permanent  image  occupying  a  fixed  position. 
When  the  speed  is  considerably  greater,  the  mirror  turns  through 
a  sensible  angle  while  the  light  is  travelling  from  it  to  the  ooncaire 
mirror  and  back  again,  and  a  sensible  displacement  of  the  image  is 
accordingly  observed.  The  actual  speed  oif  rotation  was  from  700  to 
800  revolutions  per  second.^ 


Fig.  G19a. — Foncault't  Experiment 

On  interposing  a  tube  filled  with  water  between  the  two  miiroR, 
it  was  found  that  the  displacement  was  increased,  showing  Aat  a 
longer  time  was  occupied  in  traversing  the  water  than  in  traversbg 
the  same  length  of  air. 

This  result,  as  we  shall  have  occasion  to  point  out  later,  is  very 
important  as  confirming  the  undulatoiy  theory  and  disproving  the 
emission  theory  of  lights 

In  Fig.  619  a,  a  is  the  position  of  the  platinum  wire,  L  is  the 
achromatic  lens,  m  the  revolving  mirror,  c  the  axis  of  revolution,  M 

^  It  was  found  that,  at  this  high  speed,  the  amalgam  at  the  back  of  ardmaiy  lockiof- 
ghtsses  was  driven  off  by  centrifugal  force.  The  minor  actually  employed  was  sflToed  a 
front  with  real  silver. 
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the  concave  mirror,  a'  the  image  of  the  platinum  wire,  d 
from  a  ia  virtue  of  the  rotation  of  the  mirror ;  a,  a  images 
formed  by  the  glass  plate  g,  and  viewed  through  the  eye-piei 
M'  is  a  second  concave  mirror,  at  the  same  distance  as  M  £ 
revolving  mirror;  T  is  a  tube  filled  with  water,  and  bavin 
glass  ends,  and  L'  a  lens  necessary  for  completing  the  focal 
meat;  a"  and  a"  are  the  images  formed  by  the  light  which 
versed  the  water.^ 

Foucault's  experiment,  as  thus  described,  was  perfonned  i 
very  shortly  after  that  of  Fizeau.  Some  important  impro^ 
have  since  been  introduced  in  the  method,  especially  as  reg) 
measurement  of  the  speed  of  rotation  of  the  mirror,  which 
dently  a  principal  element  in  the  calculation.  The  mirror  h 
by  means  of  a  bellows,  furnished  with  a  special  airangen 
keeping  up  a  constant  pressure  of  air,  and  driving  a  kind  o 
on  which  the  mirror  is  mounted  Instead  of  making  a  i 
determination  of  the  speed  of  rotation  in  each  experiment,  ] 
caalt  has  adopted  a  very  rigorous  method  of  keeping  it  al^ 
one  constant  value,  namely,  400  revolutions  per  second, 
leas  than  the  speed  attained  in  the  earlier  experiments;  but 
other  hand,  the  length  of  the  path  traversed  by  the  light  1 
its  two  reflections  &om  the  revolving  mirror  is  increased,  b^ 
of  successive  reflections,  so  as  to  be  about  20  metres,  instead 
in  the  original  experiments. 

'  Ths  dktuica  are  inch  that  La  and  Lc  +  cM  are  coDJugala  focal  diiti 
respect  to  the  lena  L.  An  image  of  the  win  a  is  thni  foimad  at  M,  and  an  imi 
image  ia  foimed  at  a,  the  nurror  being  inppoied  ttatiouaiy ;  and  thii  relation 
oaXy  for  the  oentral  point  of  the  concave  miiror,  but  for  any  part  of  it  oD 
light  may  happen  to  Ml  at  the  instant  oonddered. 

Ttot  i  denote  the  dbtanoe  e  M  betireen  the  revolving  and  tba  fixed  mirrer,  T  lb 
cjj  of  tbo  revolving  minor  from  the  oentre  of  the  leni,  r  the  distance  a  L  of  th< 
wire  from  the  oentre  of  the  lens,  n  the  namber  of  revolutions  per  aecond,  V  the 
-reised  by  light  in  a  aecond,  (  the  time  occupied  by  light  in  travelliBg  from  one 
the  other  and  back,  6  the  ttogla  turned  bjr  the  mirror  in  this  time,  and  9  the  i 
tended  at  the  centre  of  the  lens  bythe  distance  a  a' between  the  wire  and  itsdispla 
"i..but«lw>(=--^-  hence  V=.^5i. 


No^r  the  distance  between  the  two  images  (ooneaponding  to  a,  a*  reapeetire 

iMxdc   <rf  the  revolving  mirror  is  (I  +  f)  3,  and  is  ^so  2  01  (%  f05l).    Hence  $ 

SrnP 
ajiH  "y^?.-  j,.  J     The  obeerved  distance  a  a' between  the  two  images  ia  equal  I 

taDO«  tMtween  a,  a*,  that  i*  to  r  3.     CaUJng  this  diitanee  4,  we  have  flnallj, 
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The  constant  rate  of  revolution  is  maintained  by  comparison  ivith 
a  clock.  A  wheel  with  400  teeth,  driven  by  the  clock,  makes  exactly 
one  revolution  per  second.  A  tooth  and  a  space  alternately  cover 
the  part  of  the  field  where  the  image  of  the  wire-grating  (which  has 
been  substituted  for  the  single  wire)  is  formed.  The  same  instan- 
taneous flashes  of  light  from  the  revolving  mirror  which  form  the 
image,  also  illuminate  the  rim  of  the  wheel  If  the  wheel  advances 
exactly  one  tooth  and  space  between  consecutive  flashes,  its  iUmni- 
nated  positions  are  undistinguishable  one  from  another^  and  the 
wheel  accordingly  appears  stationary.  When  this  is  the  case,  it  is 
known  that  the  mirror  is  making  exactly  400  turns  per  second  A 
slight  departure  from  this  ra,te  either  way,  makes  the  wheel  appear 
to  be  slowly  revolving  either  forwards  or  backwards,  and  the  bdloire 
must  be  regulated  until  the  stationary  appearance  is  presented 

By  means  of  this  admirable  combination,  Foucault  has  made  what 
must  be  regarded  as  the  best  determination  yet  obtained  of  the?do- 
city  of  lightw  The  value  thus  found,  namely,  298  million  metres  per 
second,  is  smaller  than  that  which,  until  a  few  years  ago,  was  ge^- 
rally  received ;  but  recent  astronomical  discussions  have  shown  Ait 
the  sun's  distance  is  somewhat  less  than  was  previously  sappoGed; 
and  when  this  correction  is  made,  the  astronomical  determiiuLtioie 
of  the  velocity  of  light  agree  well  with  that  of  Foucault. 

688.  Velocity  of  Light  deduced  from  Observations  of  the  EelipflSB  of 
Jupiter's  Satellites. — The  fact  that  light  occupies  a  sensible  time  in 
travelling  over  celestial  distances,  was  first  established  about  1675, 
by  Roemer,  a  Danish  astronomer,  who  also  made  the  first  oomputft- 
tion  of  its  velocity.  He  was  led  to  this  discovery  by  comparing  the 
observed  times  of  the  eclipses  of  Jupiter's  first  satellite,  as  contained 
in  records  extending  over  many  successive  yeara 

The  four  satellites  of  Jupiter  revolve  nearly  in  the  plane  of  the 
planet's  orbit,  and  undergo  very  frequent  eclipse  by  entering  the 
cone  of  total  shadow  cast  by  Jupiter.  The  satellites  and  their 
eclipses  are  easily  seen,  even  with  telescopes  of  very  moderate  power: 
and  being  visible  at  the  same  absolute  time  at  all  parts  of  the  earth's 
surface  at  which  they  are  visible  at  all,  they  serve  as  signals  for 
comparing  local  time  at  different  places,  and  thus  for  determining 
longitudea  The  first  satellite  (that  is,  the  one  nearest  to  Jnpita*), 
from  its  more  rapid  motion  and  shorter  time  of  revolution,  aflfont 
both  the  best  and  the  most  frequent  signaJa  The  interval  of  tuane 
between  two  successive  eclipses  of  this  satellite  is  about  42}  boms, 


Fig.  OM.— Euth  and  Jn^ta 
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bnt  was  found  by  Boemer  to  vary  by  a  regalar  law  according 

posiUon  of  Oie  eartb  with  respect  to  Jupiter.     It  is  longest 

the  earth  is  increasing  its  distance  from  Jupiter  most  rapidly, 

shortest  when  the  earth  is  diminishing  its  distance  most  n 

Starting  from  the  time  when  the  earth  is  nearest  to  Jupitet 

T,  J  (Fig.  620),  the  intervals  between  successive  eclipses  are  i 

longer  than  the  mean  value,  until  the  , 

greatest  distance  has  been  attained, 

as  at  T*,  J',  and  the  sum  of  the  excesses 

amounts  to  16  min.  266  sec     From 

Uijs  time  until  the  nearest  distance  is 

again  attained,  as  at  T",  J",  the  inter-  / 

vals   are    always    shorter    than    the  I 

mean,   and   the  sum   of  the   defects  ^ 

amounts  to  16  min.  2C'6  sec.     It  is 

evident,   then,  that  the  eclipses  are 

visible  16  m.  266  s.  earlier  at   the 

nearest  than  at  the  remotest  point  of 

the  earth's  orbit ;  in  other  words,  that 

this  is  the  time  required  for  the  propagation  of  light  aero 

diameter  of  the  orbit.      Taking  this  diameter  as  183  milli 

miles,'  we  have  a  resulting  velocity  of  about   185,500  mil 

second. 

688a.  Velocity  of  Iiight  deduced  from  Aberration. — Abou' 
years  after  Roemer's  discovery,  Bradley,  the  English  astroi 
employed  the  velocity  of  light  to  explain  the  astronomical  ] 
menon  called  aberration.  This  consists  in  a  regular  periodic  dii 
ment  of  the  stars  as  seen  from  the  earth,  the  period  of  the  dii 
ment  being  a  year.  If  the  direction  in  which  the  earth  is  n 
in  its  orbit  at  any  instant  be  regarded  as  the  forward  dir 
every  star  constantly  appears  on  the  forward  side  of  its  true 
so  that,  as  the  earth  moves  once  round  its  orbit  in  a  year,  eat 
describes  in  this  time  a  small  apparent  orbit  about  its  true  pis 
The  phenomenon  ia  explained  in  the  same  way  as  the  fa 
fact,  that  a  shower  of  rain  falling  vertically,  seems,  to  a  perso 
aing  forwards,  to  be  coming  in  his  face.  The  relative  motion 
-ain-drops  with  respect  to  his  body,  is  found  by  compound!) 
ictual    velocity  of  the  drops  (whether  vertical  or  oblique)   i 

■  Tbe   •ds'b  moui  distance  from  the  Bortb  wm,  until  recently,  eitim&ted  at  D5 
t  mUem.      It  b  now  Ntinurted  at  92  or  91^  millioiu. 
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velocity  equal  and  opposite  to  that  with  which  he  ruii&    Thus  if 
AB  (Fig.  620  a)  represents  the  velocity  with  which  he  rons^  and 

C  A  the  true  velocity  of  the  drops,  the  apparent  vdo- 
city  of  the  drops  will  be  represented  by  D  A.  Ha  tube 
pointed  along  AD  moves  forward  parallel  to  itself 
with  the  velocity  A  B,  a  drop  entering  at  its  npper  end 
will  pass  through  its  whole  length  without  wetting 
its  sides ;  for  while  the  drop  is  fiedling  along  D  B  (we 
suppose  with  uniform  velocity)  the  tube  moves  along 
A  B,  so  that  the  lower  end  of  the  tube  reaches  B  at  the 
same  time  as  the  rain-drop. 

In  like  manner,  if  A  B  is  the  velocity  of  the  earth, 
and  C  A  the  velocity  of  light,  a  telescope  mmi  he 
Ab!f^^^       pointed  along  AD  to  see  a  star  which  really  te in 
the  direction  of  A  C  or  B  D  produced.      Wheft- Ae 
angle  B AC  is  a  right  angle  (in  other  words,  when  the  steJb 
in  a  direction  perpendicular  to  that  in  which  the  earth  is  miyiiig), 
the  angle  CAD,  which  is  called  the  aberration  of  the  star,  ia  ifi, 
and  the  tangent  of  this  angle  is  the  ratio  of  the  velocity  of  thafrik 
to  the  velocity  of  light     Hence  it  is  found  by  computation  tbH^ 
velocity  of  light  is  about  ten  thousand  times  greater  than  thatitt 
which  the  earth  moves  in  its  orbit.     The  latter  is  easily  camp^lA 
if  the  sun's  distance  is  known,  and  is  about  18^  miles  per  aeoood. 
Hence  the  velocity  of  light  is  about  185,000  miles  per  second   It 
will  be  noted  that  both  these  astronomical  methods  of  computing  the 
velocity  of  light,  depend  upon  the  knowledge  of  the  sun's  distance 
from  the  earth,  and  that,  if  this  distance  is  overestimated,  the  conir 
puted  velocity  of  light  will  be  too  great  in  the  same  ratio. 

Conversely,  the  velocity  of  light,  as  determined  by  Foucaolt's 
method,  can  be  employed,  in  connection  either  with  aberration  or 
the  eclipses  of  the  satellites,  for  computing  the  sun's  distance;  and 
the  first  correct  determination  of  the  sun's  distance  was,  in  &ci,  ik^ 
deduced  by  Foucault  from  his  own  resulta 

689.  Photometry. — Photometry  is  the  measurement  of  the  relative 
amounts  of  light  emitted  by  different  sources.  The  methods  cm- 
ployed  for  this  purpose  all  consist  in  determinations  of  the  relative 
distances  at  which  two  sources  produce  equal  intensities  of  illomiiiA- 
tion.  The  eye  would  be  quite  incompetent  to  measure  the  ratio  of 
two  unequal  illuminations;  but  a  pretty  accurate  judgment  can  be 
formed  as  to  equality  or  inequality  of  illumination,  at  least  wha[i  the 
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are  &like  in  principle.  la  each  of  them  the  two  soriaces  compued 
are  illuminated  each  hy  one  only  of  the  sources  of  light  Iq  Kom- 
ford's  the  remainder  of  the  screen  is  illmninated  \>y  botli.  In 
Bouguer's  it  conOBts  merely  of  an  intervening  strip  which  is  illnnu- 
nated  hy  neither.  If  the  partition  is  movable,  the  effect  of  moving 
it  further  from  the  screen  will  be  to  make  this  dark  strip  nairower 
until  it  disappears  altogether ;  and  if  it  be  advanced  still  further,  the 
two  illuminated  portions  will  overlap.  la  Foucauli's  photometer 
there  is  an  adjusting  screw,  for  the  purpose  of  advajuung  the  puti- 
tiou  so  iar  that  the  dark  strip  shall  just  vanish.  The  two  illnmiiiit«fl 
portions,  being  then  exactly  contiguous,  can  he  more  easilj  ud 
certainly  compared. 
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698.  Bnnsen'B  Photometer. — Bunsen's  photometer  coDusts  of » 
screen  of  white  paper  with  a  grease-spot  in  its  centra  The  ligfats  to 
be  compared  are  placed  on  opposite  sides  of  this  screen,  aod  tbeir 
distances  are  so  adjusted  that  the  grease-spot  appears  neither  biigfai<^ 
nor  darker  than  the  rest  of  the  paper,  from  whichever  side  it  t^ 
viewed.  When  the  distances  have  not  been  correctly  adjusted,  ^ 
grease-spot  will  appear  darker  than  the  rest  of  the  paper  tIkii 
viewed  from  the  aide  on  which  the  illumination  is  most  inteuse,  «^ 
lighter  than  the  rest  of  the  paper  when  viewed  &om  the  other  tide. 
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694.  RefleotioD. — If  a  beam  of  the  aun'a  rays  A  B  (Fig.  6S 
admitted  through  a  small  hole  in  the  shutter  of  a  dark  roon 
allowed  to  fall  on  a  polished  plane  suriace,  it  will  he  seen  to  col 
its  course  in  a  different  direction  B  C     This  is  an  example  of  i 
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tion.  A  B  is  called  the  incident  beam,  and  B  C  the  reflected  1 
The  angle  ABD  contained  between  an  incident  ray  and  the  n< 
ia  called  the  angle  of  incidence;  and  the  angle  CBD  cont 
between  the  corresponding  reflected  ray  and  the  normal  is  ' 
the  angle  of  reflection.  The  plane  ABD  containing  the  inc 
ray  and  the  normal  is  called  the  plane  of  incidence. 

696.  Laws  of  Beflection. — The  reflection  of  light  from  pol 
sur&ces  takes  place  according  to  the  following  laws: — 

1.  The  reflected  ray  lies  in  the  plane  of  incidence. 
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2.  The  angle  of  reflection  is  equal  to  the  angle  of  incidence. 
These  laws  may  be  verified  by  means  of  the  apparatus  represented 
in  Fig.  624     A  vertical  divided  circle  has  a  small  polished  plate 

fixed  at  its  centre,  at  right  angles  to  its  plane, 
and  two  tubes  travelling  on  its  circumference 
with  their  axes  always  directed  towards  the 
centre.  The  zero  of  the  divisions  is  the  highest 
point  of  the  circle,  the  plate  being  horizontal 

A  source  of  light,  such  as  the  flame  of  a 
candle,  is  placed  so  that  its  rays  shine  through 
one  of  the  tubes  upon  the  plate  at  the  centre. 
As  the  tubes  are  blackened  internally,  no  light 
passes  through  except  in  a  direction  almost 
Fig.  «24.-verification  of  Law.  precisclv  parallel  to  the  axis  of  the  tube.    The 

of  Befleotion.  r  *f    r 

observer  then  looks  through  the  other  tube, 
and  moves  it  along  the  circumference  till  he  finds  the  position  in 
which  the  reflected  light  is  visible  through  it  On  examining  the 
graduations,  it  will  be  found  that  the  two  tubes  are  at  the  same 
distance  from  the  zero  point,  on  opposite  sides.  Hence  the  angles 
of  incidence  and  reflection  are  equal  Moreover  the  plane  of  the 
circle  is  the  plane  of  incidence,  and  this  also  contains  the  reflected 
rays.     Both  the  laws  are  thus  verified. 

696.  Artificial  Horizon. — ^These  laws  furnish  the  basis  of  a  method 
of  observation  which  is  frequently  employed  for  determining  the 
altitude  of  a  star,  and  which,  by  the  consistency  of  its  results,  fur- 
nishes a  very  rigorous  proof  of  the  laws. 

A  vertical  divided  circle  (Fig.  625)  is  set  in  a  vertical  plane  by 
proper  adjustments.      A  telescope  movable  about  the  axis  of  the 
circle  is  pointed  to  a  particular  star,  so  that  its  line  of  coUimation 
I' S'  passes  through  the  apparent  place  of  the  star.     Another  tele- 
scope,^ similarly  mounted  on  the  other  side  of  the  circle,  is  directed 
downwards  along  the  line  I'  R  towards  the  image  of  the  star  as  seen 
in  a  trough  of  mercury  I.     Assuming  the  truth  of  the  laws  of  reflec- 
tion as  above  stated,  the  altitude  of  the  star  is  half  the  angle  between 
the  directions  of  the  two  telescopes ;  for  the  ray  S I  from  the  star  to 
the  mercury  is  parallel  to  the  line  S'l',  by  reason  of  the  excessively 
great  distance  of  the  star;  and  since  the  rays  SI,  I  K  are  equally 
inclined  to  the  normal  I  N,  which  is  a  vertical  line,  the  lines  I' S',  T  B 
are  also  equally  inclined  to  the  vertical,  or,  what  is  the  same  thing, 

^  In  practice,  a  single  telescope  usuaUy  serves  for  both  observatioTia. 
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are  equally  inclined  to  a  horizontal  plane.      A  reflecting  snrface 
of  mercury  thus  used  is  called  a  mercury  horizon,  or  an  artificial 


Fig.  SU.-ArtMelal  Boriton. 

hoi-ixoTi.  Observations  thus  made  give  even  more  accurate  results 
tlian  those  in  which  the  natural  horizon  presented  by  the  sea  is 
made  the  standard  of  reference. 

697.  Irregfular  Reflection. — The  reflection  which  we  have  thus  far 
been  discussing  is  called  regular  reflection.  It  is  more  marked  as 
the  reflecting  surfiice  is  more  highly  polished,  and  (except  in  the 
case  of  metals)  as  the  incidence  ia  more  oblique.  But  there  is  an- 
other kind  of  reflection,  in  virtue  of  which  bodies,  wlien  illuminated, 
send  out  tight  in  all  directions,  and  thus  become  visible.  This  is 
called  irregular  reflection  or  diffusion.  Regular  reflection  does  not 
render  the  reflecting  body  visible,  but  exhibits  images  of  surrounding 
objects.     A  perfectly  reflecting  mirror  would  be  itself  unseen,  and 
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actual  mirrors  are  only  visible  in  virtue  of  the  small  quantity  d 
diffused  light  which  they  usually  emit  The  traDsformation  of  in- 
cident into  diffused  light  is  usually  selective;  so  that,  though  the 
incident  beam  may  be  white,  the  diffused  light  is  usually  coloured. 
The  power  which  a  body  possesses  of  making  such  selection  consti- 
tutes its  colour. 

The  word  reflection  is  often  used  by  itself  to  denote  what  we  have 
here  called  regtdar  reflection,  and  we  shall  generally  so  employ  it 

698.  Hirrors. — ^The  mirrors  of  the  ancients  were  of  metal,  usually 
of  the  compound  now  known  as  speculum-metaL     Ijocking-glasses 
date  from  the  twelfth  century.    They  are  plates  of  glass,  coated  at 
the  back  with  an  amalgam  of  quicksilver  and  tin,  which  forms  the 
reflecting  surface.     This  arrangement  has  the  great  advantage  ot 
excluding  the  air,  and  thus  preventing  oxidation.     It  is  attended, 
however,  with  the  disadvantage  that  the  surface  of  the  glass  and 
the  surface  of  the  amalgam  form  two  mirrors ;  and  the  superpaBitioD 
of  the  two  sets  of  images  produces  a  confusion  which  would  be  m- 
tolerable  in  deUcate  optical  arrangements.    The  mirrors,  or  speevk 
as  they  are  called,  of  reflecting  telescopes  are  usually  made  of  gpecft- 
lurrv-inetal,  which  is  a  bronze  composed  of  about  32  parts  of  copper  to 
1 5  of  tin.    Lead,  antimony,  and  arsenic  are  sometimes  added.     Of  kte 
years  specula  of  glass  coated  in  front  with  real  silver  have  been 
extensively  used ;  they  are  known  as  silvered  specuZcu    A  ooating 
of  platinum  has  also  been  tried,  but  not  with  much  suocesa    Hie 

mirrors  employed  in  optics  are  osnally 
either  plane  or  spherical. 
699.  Plane  Mirrors.  —  By  a  plane 
"ic       mirror  we  mean  any  plane  leflect- 
y^'  ing  surface.     Its  effect,  as  is  wdl- 
known,  is  to  produce,  behind  the  mir- 
ror, iniages  exactly  dmilar,  both  in 
form  and  size,  to  the  real  objects  in 
front  of  it.    This  phenomenon  is  easily 
explained  by  the  laws  of  reflection. 

Let  M  N  (Fig.  626)  be  a  plane  mir- 
ror, and  S  a  luminous  point  Bays 
S  I,  S  r,  S  r  proceeding  ftom  this  pwnt 
give  rise  to  reflected  rays  10,  TO', FO";  and  each  of  these*  if 
produced  backwards,  will  meet  the  normal  S  K  in  a  point  S',  whkh 
is  at  the  same  distance  behind  the  mirror  that  S  is  in  frost  of 
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it.'  The  reflected  rays  havt 
had  come  from  S',  and  the 
S'  were  a  luminous  point 

Fig.  627  represents  a  pem 
of  a  candle-flame,  and  re- 
flected from  a  plane  mir- 
ror to  the  eye  of  an  ob- 
server. The  reflected  rays 
are  divergent  Qike  the  in- 
cident rays),  and  if  pro- 
duced backvrards  would 
meet  in  a  point,  which  is 
the  position  of  the  image 
of  the  top  of  the  fiama 

As  an  object  is  made  up 
of  points,  these  principles 
show  that  the  image  of 
an  object  formed  by  a  pla 
and  symmetrically  situated 
For  example,  if  A  B  (Fig.  ( 
an  eye  placed  at  O  will  see 
image  of  the  point  A  at  A', 
image  of  B  at  B',  and  so  on 
aU  the  other  points  of  the 
ject  The  portion  of  the  im; 
A'  B'  depends  only  on  the  pi 
tions  of  the  object  and  of 
mirror,  and  remains  station 
as  the  eye  is  moved  about, 
is  possible,  however,  to  1 
positions  from  which  the  < 
will  not  see  the  image  at  all, 
conditions  of  visibility  be 
the  same  as  if  the  image  w 
a  real  object,  and  the  mii 
were  an  opening  through  vi 
Tbe  images  formed  by  t 
however  exact  duplicates  ol 

'  This  ia  evidant  from  the  compaii 
tbkt  the  angle  N I S  ia  equal  to  the 
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but  differ  from  them  precisely  in  tbe  Bame  way  as  the  left  foot  ot 
hand  differs  from  the  right  The  image  of  a  printed  page  is  like  tbe 
appearance  of  the  pige  as 
seen  through  tbe  paper  fiom 
the  back,  or  like  the  tvpe 
from  which  tbe  page  vis 
printed. 

700.  Images  of  Imagti- 
When  rays  from  a  ImniDoie 
point  m.  have  been  reflected 
from  a  mirror  A  B  (Fig.  629!. 
their  subsequent  course  is 
the  same  as  if  they  had  come  from  the  image  m'  at  the  baeb  d 
tbe  mirror.  Hence,  if  they  fall  upon  a  second  mirror  C  D,  an  imigt 
m"  of  the  first  image  will  be  formed  at  the  back  of  the  aeaai 
mirror.  If,  after  this,  they  undergo  a  third  reflection,  an  in^ 
of  m"  will  be  formed,  and  so  on  indefinitely.  The  figure  rfion 
the  actual  paths  of  two  rays  mire,  mi'r's'.     They  diverge fint 


Pif ,  !».— Itellaothia  from  tm  Uliron. 


g.  030.— FmnlM  Mlrmn. 


from  m,  then  from  m',  and  lastly  from  m".  This  b  the  [Hindple 
of  the  multiple  images  formed  by  two  or  more  mirroi^  as  in  the 
following  experimenta 

701.  Parallel  Mirrors. — Let  an  object  O  be  placed  between  tvo 
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parallel  mirrors  which  face  each  other,  as  in  Rg.  630.  The  first 
reflections  will  form  Images  Oj  Oi-  The  second  reflections  will  form 
im^es  a^Ot  of  the  first  images;  aod  the  third  refiectioDs  will  form 
images  OjOj  of  the  second  images.  The  figure  represents  an  eye 
receiving  the  raya  which  form  the  third  images,  and  shows  the  paths 
which  theee  raya  have  takenin  their  whole  course  from  the  object  O 
to  the  eya  The  rays  by  which 
the  same  eye  sees  the  other  images 
are  omitted,  to  avoid  confusing 
the  figure.  A  long  row  of  images 
can  thus  be  seen  at  once,  becom- 
ing more  and  more  dim  as  they 
recede  in  the  distance,  inasmucli 
as  each  reflection  involves  a  loss 
of  light. 

If  the  mirrors  are  truly  parallel, 
all  the  images  will  be  ranged  in 
one  straight  line,  which  will  be 
normal  to  the  mirrors.     If  the  mirrors  are  inclined  at  any  angle, 
the  images  will  be  ranged  on  the  circumference  of  a  circle,  whose 
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centre  is  on  the  line  in  which  the  reflecting  surfaces  would  intersect 
if  produced  This  principle  is  sometimes  employed  as  a  means  of 
adjusting  mirrors  to  exact  parallelism. 

708.  Kirrors  at  Bight  Angrles.—Let  two  mirrors  O  A,  0  B  (Fig.  631), 
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be  set  at  right  augles  to  each  other,  £u:ing  inwardB,  acd  let  m  be  k 
luminoufi  point  placed  between  them.  Images  m'  Tn."  will  be  ftmned 
by  first  reflections,  and  two  coincident  images  will  be  formed  at  n" 
by  second  reflections.  No  third  reflection  will  occur,  for  tlie  poiot 
m'",  being  behind  the  planes  of  both  the  mirrors,  cannot  be  reflected 
in  either  of  tbem.  Counting  the  two  coincident  images  as  one,  and 
also  counting  the  object  as  one,  there  will  be  in  all  fonr  Inugts, 
placed  at  the  four  comers  of  a  rectangla  Fig.  632  will  give  an  idea 
of  the  appearance  actually  presented  when  one  of  tlie  mim»s  h 
vertical  and  the  other  horizontal  When  both  tlie  mirrors  are  verti 
cal,  an  observer  sees  his  own  image  constantly  bisected  by  their  coa- 
mou  section,  in  a  way  which  appears  at  first  sight  very  paradoiiol 

703.  Hirrori  Inclined  at  60  Decrees. — A  symmetrical  distribution 

of  images  may  be  obtained  by  pladug 

a  pair  of  mirrors  at  any  angle  vbicfi 

is  an  aliquot  part  of  360°.     If,  (or 

example,  they  be  inclined  at  60"  u- 

each   other,  the   number   of  im^ 

counting  the  object  itself  as  one,  viO 

be  six.     Their  position  is  illnstntsi 

by  Fig.  633.     The  object  is  pUwd  in 

the  sector  A  C  R    The  images  furotd 

by  first  reflections  are  situated  in  the 

twoneighbouringsectorsBCA'.ACB; 

Fi(.  m-iBH*!  lu  K.i.iJ>«opr       ^^^  images  formed  by  second  reflex 

tions  are  in  the  sectors  B'  C  A',  A'  C  ff, 

and  these  yield,  by  third  reflections,  two  coincident  images  m  the 

sector  B"C  A",  which  is  vertically  opposite  to  the  sector  ACB  in 

which  the  object  lies,  and  is  therefore  behind  the  planes  of  both 

mirrors,  so  that  no  further  reflection  can  occur. 

704.  Kaleidoscope. — ^The  symmetrical  distribution  of  images,  ob- 
tained by  two  mirrors  inclined  at  an  angle  which  is  an  aliquot  put 
of  four  right  angles,  is  the  principle  of  the  kaleidoecope,  an  <q>tial 
toy  invented  by  Sir  David  Brewster.  It  consists  of  a  tube  containint; 
two  glass  plates,  extending  along  its  whole  length,  and  inclined  u 
an  angle  of  60°.  One  end  of  the  tube  is  closed  by  a  metal  plate,  wiii> 
the  exception  of  a  hole  in  the  centre,  through  which  the  obsen-ff 
looks  in ;  at  the  other  end  there  are  two  plates,  one  of  groond  and  tkt 
other  of  clear  glass  (the  latter  being  next  the  eye),  with  a  numbe-  of 
little  pieces  of  coloured  glass  lying  loosely  between  them.     ITieBe 
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coloured  objects,  together  vith  their  images  in  the  mirrors,  fon 
metrical  patterns  of  great  beauty,  which  can  be  varied  by  tun 
shaking  the  tube,  so  as  to  cause  the  pieces  of  glass  to  chaofs 
positiona 

A  third  reflecting  plate  is  sometimes  employed,  the  cross- 
of  the  three  forming  an  equilateral  triangle.  As  each  pair  of 
produces  a  kaleidoscopic  pattern,  the  arrangement  is  nearly  < 
lent  to  a  combination  of  three  kaleidoscopes. 

The  kaleidoscope  is  capable  of  rendering  important  aid  to  det 
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Fig.  634  represents  a  pattern  produced  by  the  equilateral  ai 
ment  of  three  reflectors  just  described. 

705.  Pepper'B  Ohost. — Many  ingenious  illusions  have  bee 
trived,  depending  on  the  laws  of  reflection  &om  plane  surfacei 
shall  mention  two  of  the  most  modem. 

In  the  magic  cabinet,  there  are  two  vertical  mirrors  hinged 
two  back  comers  of  the  cabinet,  and  meeting  each  other  at 
angle,  so  as  to  make  angles  of  45°  with  the  sides,  and  also  wi 
back.  A  spectator  seeing  the  images  of  the  two  sides,  m 
them  for  the  back,  which  they  precisely  resemble;  and  peri 
may  be  concealed  behind  the  mirrors  when  the  cabinet  ( 
empty.  If  one  of  the  persons  thus  concealed  raises  bis  bead 
the  mirrors,  it  will  appear  to  be  suspended  in  mid-air  without  i 
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The  striking  spectral  illusion  known  as  Pepper's  Ghost  is  produced 
by  reflection  from  a  large  sheet  of  unsilvered  glass,  which  is  so  ar- 
ranged that  the  actors  on  the  stage  are  seen  through  it,  while  other 
actors,  placed  in  strong  illumination,  and  out  of  the  direct  view  of  the 
spectators,  are  seen  by  reflection  in  it,  and  appear  as  ghosts  on  thestaga 
705  a.  Deviation  prodnced  by  Rotation  of  Mirror. — Let  A  6  (Fig. 
634  a)  represent  a  mirror  perpendicular  to  the  plane  of  the  paper,  and 

capable  of  being  rotated  about  an  axis 
through  C,  also  perpendicular  to  the  paper; 
and  let  I C  represent  an  incident  ray. 
When  the  mirror  is  in  the  position  AR 
perpendicular  to  I  C,  the  ray  will  be  ^^ 
fleeted  directly  back  upon  its  coarse;  bm 
when  the  mirror  is  turned  through  tk 
acute  angle  AC  A',  the  reflected  rayinll 
take  the  direction  C  R,  making  with  tte 

angle  of  incidence  NCI.  The  deviation  I C R  of  the  reflected nj, 
produced  by  rotating  the  mirror,  is  therefore  double  of  the  angle  ICN 
or  A  C  A',  through  which  the  mirror  has  been  turned ;  and  if,  startiig 

from  the  position  A'  B',  we  torn  the 
mirror  through  a  further  angle  fl,  the 
reflected    ray   CR    will    be  tnitied 
through  a  further  angle  2  ft    It  thtts 
appears,  that,  whew  a  pUmemrriff 
is  rotated  in  the  plane  ofindd^a, 
the  direction  of  the  reflected  ray  « 
changed  by  doiihle  the  angle  ihro^ 
which  the  mirror  is  turned   Con- 
versely, if  we  assign  a  constant  di^e^ 
tion   C I   to   the  reflected  ray,  the 
direction  of  the  incident  ray  R  C  miEt 
vary  by  double  the  angle  throogh 
which  the  mirror  is  turned 
705  b.  Hadley's  Sextant. — The  above  principle  is  illustrated  in  the 
nautical  instrument  called  the  sextani  or  qvxidrant,  which  vas  in- 
vented by  Newton,  and  reinvented  by  Hadley.    It  serves  for  d»- 
suring  the  angle  between  any  two  distant  objects  as  seen  from  ^ 
station  occupied  by  the  observer.     Its  essential  parts  are  represented 
in  Kg.  634  b. 
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haslet's  sextant.  893 

It  has  two  plane  mirrora  A,B,  one  of  which,  A,  is  fixed  to  the 
frame  of  the  inBtrument,  and  is  only  partially  silvered,  so  that  a  dis- 
buit  object  in  the  direction  A  H  can  be  seen  through  the  uosilvered 
part  The  other  mirror  B  ia  mounted  on  a  movable  arm  B  I,  which 
cunes  an  index  I,  traversiDg  a  graduated  arc  P  Q.  When  the  two 
mirrors  are  parallel,  the  index  is  at  P,  the  zero  of  the  graduations, 
and  a  ray  K  B  incident  on  B  parallel  to  H  A,  will  be  refiected  first 
along  B  A,  and  then  along  A  T,  the  continuation  of  H  A.  The  ob- 
server looking  through  the  telescope  T  thus  sees,  by  two  reflections, 
the  same  objects  which  he  also  sees  directly  through  the  unsilvered 
part  of  the  mirror.  Now  let  the  index  be  advanced  through  an  angle 
9;  then,  by  the  principles  of  last  section,  the  incident  ray  S  £  makes 
with  H' B,  OF  H  A,  an  angle  20.  The  angle  between  S  B  and  HA 
would  therefore  he  given  by  reading  oflF  the  angle  through  which  the 
index  has  been  advanced,  and  doubling ;  but  in  practice  the  arc  F  Q 
is  always  graduated  on  the  principle  of  marking  half  d^rees  as  whole 
ones,  BO  that  the  reading  at  I  is  the  required  angle  26.  In  using  the 
instrument,  the  two  objects  which  are  to  be  observed  are  brought 
into  apparent  coincidence,  one  of  them  being  seen  directly,  and  the 
other  by  successive  reflecUon  from  the  two  niirrora  This  coincidence 
is  not  disturbed  by  the  motion  of  the  ship;  but  unpractised  observers 
often  find  a  difficulty  in  keeping  both  objects  in  the  field  of  view. 
Darit  glasses,  not  shown  in  the  figure,  are  provided  for  protecting  the 
eye  in  observations  of  the  sun,  and  a  vernier  and  reading  microscope 
are  provided  instead  of  the  pointer  I. 
706.  Spherioal  Mirrors. — By  a  spherical  mirror  is  meant  a  mirror 


whose  reflecting  surface  is  a  portion  (usually  a  very  small  portion) 
of  the  surface  of  a  sphere.  It  is  concave  or  convex  according  as  the 
inside  or  outside  of  the  spherical  sur&ce  yields  the  reflection.  The 
»ntre  of  the  sphere  (C,  Fig.  635)  is  called  the  centre  of  curvature  of 
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the  mirror.  If  the  mirror  has  a  circular  boundary,  as  is  osmlly  tke 
case,  the  central  point  A  of  the  reflecting  aur&ce  may  convementiy 
be  called  the  pole  of  the  min'or.  Centre  of  the  mirror  is  wunbiga- 
0U3  phrase,  being  employed  sometimes  to  denote  the  pole,  and  some- 
times the  centre  of  curvature.  The  line  A  C  is  called  the  pnmjai 
cueia  of  the  mirror,  and  any  other  straight  line  through  C  whicb 
meets  the  mirror  is  called  a  secondary  axis. 

When  the  incident  rays  are  parallel  to  the  principal  axis,  tfae  le- 
flected  rays  converge  to  a  point  F,  which  is  called  the  fviruifd 
focus.  Thia  lav  is  rigorously  true  for  parabolic  mirrors  (genen^ 
by  the  revolution  of  a  parabola  about  its  principal  axis).  For  sphe- 
rical mirrors  it  is  only  approximately  true,  but  the  approsiouliMi 
is  very  close  if  the  mirror  is  only  a  very  small  portion  of  an  aitire 
sphere.  In  grinding  and  polishing  the  specula  of  large  reflectinj 
telescopes,  the  attempt  is  made  to  give  them,  aa  nearly  as  poEsUe, 
the  parabolic  form.     Parabolic  mirrors  are  also  frequently  empkijtt 
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to  reflect^  in  a  definite  direction,  the  rays  of  a  lamp  placed  attiic 
focua 

Rays  reflected  from  the  circumferential  portion  of  a  spherical  mir- 
ror are  always  too  convergent  to  concur  exactly  with  those  v&fix& 
from  the  central  portion.  This  deviation  from  exact  concomnce  if 
called  spherical  aherration. 

707.  Conjugate  ITooi. — Let  P  (Fig.  636)  -be  a  lunoinons  point  otn- 
ated  on  the  principal  axis  of  a  spherical  mirror,  and  let  P I  be  one  (d 
the  rays  which  it  sends  to  the  mirror.  Draw  the  normal  0 1,  whid 
is  edmply  a  radius  of  the  sphere.     Then  0 1 P  is  the  angle  oi  iiK)<^ 
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ence,  and  the  angle  of  reflection  OIF  must  be  equal  to  it ;  hence 
0 1  bisects  an  angle  of  the  triangle  P I F,  and  therefore  we  have 

IP  ^  OP 
IP'  "  OP'' 

Let  'p^'p'  denote  AP,  A  F  respectively,  and  let  r  denote  the  radius  of 
the  sphere.  Then,  if  the  angular  aperture  of  the  mirror  is  small,  I P 
is  sensibly  equal  to  p,  and  I F  to  p'.  Substituting  these  approxi- 
mate values,  the  preceding  equation  becomes 

^  = -i— -r«  whenoepr +l>'r  »  2r)  75': 
|/         r  —  p' 

or,  dividing  by  pp'r, 

l  +  l.-i.  (-) 

p        p'        r 

This  formula  determines  the  position  of  the  point  F,  in  which  the 
reflected  ray  cuts  the  principal  axis,  and  shows  that  it  is,  to  the 
accuracy  of  our  approximation,  independent  of  the  position  of  the 
point  I ;  that  is  to  say,  all  the  rays  which  P  sends  to  the  mirror  are 
reflected  to  the  same  point  P^  We  have  assumed  P  to  be  on  the 
principal  axi&  If  we  had  taken  it  on  a  secondary  axis,  as  at  p  (Fig. 
636),  we  should  have  found,  by  the  same  process  of  reasoning,  that 
the  reflected  rays  would  all  meet  in  a  point  p'  on  that  secondary 
axis.  -  The  distinction  between  primary  and  secondary  axes,  in  the 
case  of  a  spherical  mirror,  is  in  fact  merely  a  matter  of  convenience, 
not  representing  any  essential  difference  of  property.  Hence  we  can 
lay  down  the  following  general  proposition  as  true  within  limits  of 
error  corresponding  to  the  approximate  equalities  which  we  have 
above  assumed  as  exact :  — 

Bays  proceeding  frcrni  any  given  'point  in  front  of  a  concave 
spherical  mirror^  are  reflected  so  as  to  meet  i/n  another  point;  a/nd 
the  line  joini/ng  the  two  points  passes  through  the  centre  of  the  sphere. 

It  is  evident  that  rays  proceeding  from  the  second  point  to  the 
mirror  would  be  reflected  to  the  first  The  relation  between  them 
is  therefore  mutual,  and  they  are  hence  called  conjugate  foci.  By  a 
focus  in  general  is  meant  a  point  in  which  a  number  of  rays  meet 
(or  would  meet  if  produced) ;  and  the  rays  which  thus  meet,  taken 
collectively,  are  called  a  p&adl.  Fig.  637  represents  two  pencils  of 
rays  iivliose  foci  Sd  are  conjugate,  so  that,  if  either  of  them  be  re- 
garded as  an  incident  pencil,  the  other  wiU  be  the  corresponding 
reflected  pencil 
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We  can  now  explain  the  fonoation  of  images  by  concafe  miiTtin, 
Each  point  of  the  object  sends  a  pencil  of  raya  to  the  minor,  which 
converge,  after  reflection,  to  the  conjugate  focua  If  the  eye  of  the 
observer  be  placed  beyond  this  point  of  concourse,  and  in  the  path 
of  the  rays,  they  will  present  to  him  the  same  appearance  as  if  they 


Fig.  UT.— Orajngite  Fod. 

had  come  firom  this  point  as  origin.  The  ima^  is  thns  composed  of 
points  which  are  the  conjugate  foci  of  the  several  points  of  the  objw 
708.  Principal  Foons.— If,  in  formula  (a)  of  last  section,  we  mib 
p  increase  continually,  the  term  -will  continually  decrease,  andvS 
vanish  as  p  becomes  infinite.  This  b  the  case  of  rays  parallel  to  tiie 
principal  axis,  for  parallel  rays  may  be  regarded  as  combg  fttm » 
point  at  infinite  distance.     The  formula  then  becomes 


that  is  to  say,  the  priTUsipat  focal  dtsiance  ia  half  the  radius  of  cut- 
vature.  This  distance  is  of^n  called  the /oca!  length  of  t^e  mirm. 
If  we  denote  it  by/,  the  general  formula  becomes 

i  +  1  -  i-  0) 

p     p     f 

709.  Disonuion  of  the  Formula. — By  the  aid  of  this  fbimnlt  vt 
can  eaaily  trace  the  corresponding  movements  erf"  conjugate  foci 

If  p  is  positive  and  very  lai^,  p'  is  a  very  little  greater  than  /: 
that  is  to  say,  the  conjugate  focus  is  a  very  little  beyond  the  prino- 
pal  focua 

As  p  diminishes,  p'  increases,  until  they  become  equal,  in  vhi':^ 
case  each  of  them  is  equal  to  r  or  2f;  that  is  to  say,  the  conjogit^ 
foci  move  towards  each  other  till  they  coincide  at  the  centre  of  cur- 
vature.   This  last  result  is  obvious  in  itself;  for  rays  from  the  centre 
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of  curvature  are  normal  to  the  mirror,  and  are  therefore  reflected 
directly  b&ck. 

As  p  continues  to  diminish,  the  two  foci,  as  it  were,  change  places ; 
the  luminous  point  advancing  from  the  centre  of  curvature  to  the 
principal  focus,  while  the  conjugate  focus  moves  away  from  the  centre 
of  curvature  to  infinity. 

As  the  luminous  point  continues  to  approach  the  mirror,  —  is 
greater  than  y'  and  hence  p'  and  therefore  also  p',  must  be  nega- 
tive. The  physical  interpretation  of  this  result  is  that  the  conjugate 
focus  is  bekvnd  the  mirror,  as  at  e  (Fig.  638),  and  that  the  reflected 
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rays  diverge  as  if  they  bad  come  from  this  point.  Such  a  focus  is 
called  virtual,  while  a  focus  in  which  raya  actually  meet  is  called 
real.  As  the  luminous  point  moves  up  from  F  to  the  mirror,  the 
conju^te  focus  moves  up  from  an  infinite  distance  at  the  back,  and 
meets  it  at  the  surface  of  the  mirror. 

If  S  is  a  real  luminous  point  sending  rays  to  the  mirror,  it  must 
of  necessity  lie  in  front  of  the  mirror,  and  p  therefore  cannot  be  nega- 
tive ;  but  when  we  are  considering  images  of  images  this  restriction 
no  loDger  holds  If  aa  incident  beam,  for  example,  convei^es  to- 
wards a  point  8  at  the  back  of  the  mirror,  it  will  be  reflected  to  a 
point  S  in  front.  In  this  case  p  is  negative,  and  7/  positive.  The 
conjugate  foci  S  a  have  in  fact  changed  placea 

It  appears  &om  the  above  investigation  that  there  are  two  prin- 
apal  cases,  as  regards  the  positions  of  conjugate  foci  of  a  concavemirror. 

1.  One  focus  between  F  and  C;  and  the  other  beyond  C 

2.  One  focua  between  F  and  the  mirror;  and  the  other  behind 
;he  mirror. 

In  the  former  caae,  the  foci  move  to  meet  each  other  at  C;  in  the 
atter,  they  move  to  meet  each  other  at  the  sur&ce  of  the  mirror. 
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710.  Formation  of  Images. — We  are  now  in  a  pomtiim  to.diacon 
the  fonnatioQ  of  images  by  concave  mirrors.  Let  AB  (f^.  639}  be 
an  object  placed  in  front  of  a  concave  mirror,  at  a  distance  gntia 
than  its  radius  of  curvature.  All  the  rays  which  diverge  fran  A 
will  be  reflected  to  the  conjugate  focus  a.  Hence  this  point  od  be 
found  by  the  following  construction.  Draw  tbroagb  A  the  ra;  1 1' 
parallel  to  the  principal  axis,  and  draw  its  path  after  reflection,  wbicb 
must  of  necessity  pass  through  the  principal  focua  The  intrasectjim 
of  this  reflected  ray  with  the  secondary  axis  through  A  will  be  Uk 
point  required.     A  similar  construction  will  give  the  conjugate  focos 


corresponding  to  any  other  point  of  the  object;  b,  for  example,'^ 
the  focua  conjugate  to  R  Points  of  the  object  lying  between  A  uA 
B  will  have  their  conjugate  foci  between  a  and  b.  An  eye  plictd 
behind  the  object  A  B  wiU  accordingly  receive  the  same  imprest 
from  the  reflected  rays  as  if  the  image  a  b  were  a  real  object 

711.  Size  of  Image. — As  regards  the  comparative  sizes  of  oljert 
and  image,  it  is  obvious,  from  similar  triangles,  that  their  How  di- 
mensions are  directly  as  their  distances  from  C  the  centre  of  corvaton 

Again,  since  C  F  and  A  A'  are  parallel,  we  have 

oF  _  a£     ^, 
FA'"  CA      AB 

._  langth  of  image  _  dirtance  of  imige  fKMn  [ttinaipri  tooiit.        ,j. 

I^^  of  objeci  foodlellgUi  '        ™ 

and  by  a  similar  construction  we  can  prove  that 

■  It  is  only  by  ocddeDt  that  i  h^peni  to  lie  on  A  A'  is  tlieflgn& 
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length  ot  object  _  diitamoe  of  object  from  prindpal  foena  , . 

leogth  of  iuuge  foatl  length 

This  last  formula  affords  the  readiest  means  of  calculating  the  size  of 
the  image  when  the  size  and  position  of  the  object  are  given. '  Both 
the  formuUe  (c)  and  fd)  are  perfectly  general,  both  for  concave  and 
convex  mirrora.  They  show  that  the  object  and  image  will  be  equal 
when  they  coincide  at  the  centre  of  curvature,  and  that  as  they 
move  away  from  this  point,  in  opposite  directions,  that  which  moves 
avay  &om  the  mirror  continually  gains  in  size  upon  the  other. 

Since  the  lines  joining  corresponding  points  of  object  and  image 
cross  at  the  point  C,  which  lies  between  them  when  the  image  is 
real,  a  real  image  formed  by  a  concave  mirror  is  always  inverted. 

712,  Experiment  of  the  Phantom  Bouquet. — Let  a  box  open  on  one 


^y 


Fig.  MD.— Xipnimant  of  Fbuton  Boiuiiut. 

side  be  placed  in  front  of  a  concave  mirror,  at  a  distance  about  equal 
to  its  radius  of  curvature,  and  let  an  inverted  boui)uet  be  suspended 
witbin  it,  the  open  side  of  the  box  being  next  tbe  mirrbr.  By  ^ving 
a  proper  incliaation  to  the  mirror,  an  image  of  the  bouquet  will  be 
obtained  in  mid-air,  jiiet  above  the  top  of  the  box.     As  the  bouquet 
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is  inverted,  its  image  is  erect,  and  a  real  vase  may  be  pWed  in  sa& 
a  position  that  the  phantom  bouquet  shall  appear  to  be  standing  ii 
it.  The  spectator  must  be  full  in  front  of  the  mirror,  and  at  t  tnf- 
ficient  distance  for  all  pari£  of  the  image  to  lie  between  his  eyes  ud 
the  mirror.  When  the  colours  of  the  bouquet  are  bri^t,  the  image 
is  generally  bright  enough  to  render  the  illuuon  very  coffl[dete. 

718.  Images  on  a  Screen. — Such  experimente  as  that  jost  dcacriM 
can  only  be  seen  by  a  few  persons  at  once,  since  they  require  Uie 
spectator  to  be  in  a  line  with  the  image  and  the  mirror.  When  u 
image  is  projected  on  a  screen,  it  can  be  seen  by  a  whole  udiem 
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at  once,  if  the  room  be  darkened  and  the  image  be  laige  and  bigbt- 
Let  a  lighted  candle,  for  example,  be  placed  in  front  of  a  conare 
mirror,  at  a  distance  exceeding  the  focal  length,  and  let  a  scieeD  ^ 
placed  at  the  conjugate  focus;  an  inverted  image  of  the  candle viS 
be  depicted  on  the  screen.  Fig.  641  represents  the  case  in  which  tbe 
Candle  is  at  a  distance  less  than  the  radios  of  curvstor^  and  tiie 
image  is  accordingly  magnified. 

By  this  mode  of  operating,  the  formula  for  coojagate  focal  dU- 
tancea  can  be  experimentally  verified  with  considerable  ngom,  art 
being  taken,  in  each  experiment,  to  place  the  screen  in  the  pootiim 
which  gives  tbe  most  sharply  defined  image. 
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714.  Diflbrenee  between  Image  on  Screen,  and  Image  as  Been  in 
Kid-tir.  Caiutics. — For  the  sake  of  simplicity  we  have  made  some 
statementa  regarding  visible  images  which  are  not  quite  accurate; 
and  we  must  now  indicate  the  necessary  corrections. 

Images  thrown  on  a  screen  have  a  determinate  position,  and  are 
really  the  loci  of  the  conjug&te  foci  of  the  points  of  the  object;  hut 
thia  ia  not  rigorously  true  of  images  seen  directly.  They  change 
their  position  to  some  extent,  according  to  the  position  of  the  observer. 

The  actual  state  of  things  ia  explained  by  Fig.  641  A.  The  plane 
of  the  figure^  is  a  principal  plane  (that  is,  a  plane  containing  the  prin- 
tnpal  axis)  of  a  concave  hemispherical  mirror,  and  the  incident  ra3's 


*- 


are  parallel  to  the  principal  axia  All  the  rays  reflected  in  the  plane 
of  the  figure  touch  a  certain  curve  called  a  cauaHc  curve,  which  has 
a  cusp  at  F,  the  principal  focus ;  and  the  direction  in  which  the 
image  is  seen  by  an  eye  situated  in  the  plane  of  the  figure  is  deter- 
mined by  drawing  from  the  eye  a  tangent  to  this  caustic.  If  the 
eye  be  at  G,  on  the  principal  axis,  the  point  of  contact  will  be  F; 
but  when  the  rays  are  received  obliquely,  as  at  F',  it  will  be  at. a 
point  a  not  lying  in  the  direction  of  F.  For  an  eye  thus  situated,  a 
is  called  the  primary  focus,  and  the  point  where  the  tangent  at  a 
cuts  the  principal  axis  is  called  the  secondary  focus.  When  the  eye 
is  moved  in  the  plane  of  the  diagram,  the  apparent  portion  of  the 

'  "FigB.  S41  k.  mud  SS7^  are  bonowed,  by  permuaon,  from  Mr.  Omiimd  Aiij'i  Qwmilri- 
cal  Optica. 
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image  (as  debermined  bj  its  remaining  in  coiacidence  with  a  oon  of 
threads  or  other  mark)  ia  the  primary  focus;  and  wheo  tiie  eye  is 
moved  perpendicular  to  the  pliwe  of  the  diagram,  the  apparent  poai- 
tioD  of  the  image  is  the  secondary  focus.'  If  we  suppose  the  diagram 
to  rotate  about  the  principal  axis,  it  will  still  remain  true  in  iJl 
positions,  and  the  sur&ce  generated  by  this  revolution  of  tbe  csosfo 
curve  is  the  catutic  eurface.  Its  form  and  position  vary  with  Ux 
poution  of  the  point  from  which  the  incident  rays  proceed;  ud  it 
has  a  cusp  at  the  focus  conj  agate  to  this  point 

There  is  always  more  or  less  blurring,  in  the  case  of  images  sea 
obliquely  (except  ia  plane  mirrors),  by  reason  of  the  &ct  thai  the 
point  of  contact  with  the  caustic  surfat^  is  not  the  same  fwnn 
entering  different  parts  of  the  pupil  of  the  eye. 

A  caustic  curve  can  be  exhibited  experimentally  by  allowing  Vu 

rays  of  the  eun  or  of  &  Umptp 

fall  on  the  concave  sur&ee  (^  > 

strip  of  polished  metal  bent  into 

the  form  of  a  circular  arc,  u  Q 

Fig.  €42,  the  reflected  light  bdv 

received  on  a  sheet  of  white  pfc 

on  which   tbe   strip  rests.  Tu 

same  effect  may  often  be  olwnd 

on  tbe  sur&ce  of  a  cup  of  tea,  ibt 

reflector  in  this  case  being  tk 

inside  of  tbe  tea-cup. 

Fi,.  Ms-CHrtio  bj  ito««uoo.  The  image  of  a  luminous  pwjn 

received  upon  a  screen  is  formd 

by  all  the  rays  which  touch  the  corresponding  caustic  surfwe.   Ihe 

brightest  and  most  distinct  image  will  be  formed  at  the  cusp,  vhid 

is,  in  fact,  the  conjugate  focus;  but  there  will  be  a  border  of  ftint^ 

light  surrounding  it     This  source  of  indistinctness  in  images  is  an 

example  of  apkerical  aberration  (§  707). 

714  A.  Imige  on  a  Screen  by  Obliqns  Beflection. — If  we  attempt  to 
throw  upon  a  screen  the  image  of  a  luminous  point  by  meam  o^ ' 
concave  mirror  very  oblique  to  the  incident  rays,  we  shall  find  thai 
no  image  can  be  obtained  at  all  resembling  a  point;  but  that  that 
are  two  positions  of  the  ecieen  in  which  the  image  becomes  a  liw 

*  SincaaTaij  n>j  isddent  pmllel  to  the  priudpKl  kzis,  ii  idacted  throng  tba  |fBE^ 
kill.  If  the  ioddent  nyt  diverged  bom  »  point  on  the  princqikl  a^M,  Hmj  vouU  kH  b 
Mfleotsd  through  tbe  prindpd  wcia. 
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Fig.  641b.— Formation  of  Focal  Linn. 


In  the  annexed  figure  (Fig.  641  b),  which  represents  on  a  lai^r 
scale  a  portion  of  Fig.  641  a,  a  c,  h  d  are  rays  from  the  highest  and 
lowest  points  of  the  portion  K  S  of  the  hemispherical  mirror,  which 
portion  we  suppose  to  be  small  in  both  its  dimensions  in  comparison 
with  the  radius  of  curvature ; 
and  we  may  suppose  the  rest 
of  the  hemisphere  to  be  re- 
moved, so  that  K  S  will  repre- 
sent a. small  concave  mirror  re- 
ceiving a  pencil  very  obliquely. 

Then,  if  a  screen  be  held 
perpendicular  to  the  plane  of 
the  diagram,  at  m,  where  the 
section  of  the  pencil  by  the 
plane  of  the  diagram  is  nar- 
rowest, a  blurred  line  of  light 
will  be  formed  upon  it,  the 
length  of  the  line  being  per- 
pendicular to  the  plane  of  the  diagram.  This  is  called  the  primary 
focal  line. 

The  secondary  focal  line  is  c  d,  which,  if  produced,  passes  through 
the  centre  of  curvature  of  the  mirror,  and  also  through  the  point 
from  which  the  incident  light  proceeds.  This  line  is  very  sharply 
formed  upon  a  screen  held  so  as  to  coincide  with  c  d  and  to  be  per- 
pendicular to  the  plane  of  the  diagram.  Its  edges  are  much  better 
defined  than  those  of  the  primary  line ;  and  its  position  in  space  is 
also  more  definita  If  the  mirror  is  used  as  a  burning-glass  to  collect 
'  the  sun's  rays,  ignition  will  be  more  easily  obtained  at  one  of  these 
lines  than  in  any  intermediate  position.^ 

Focal  lines  can  also  be  seen  directly.  In  this  case  a  small  element 
of  the  mirror  sends  all  its  reflected  rays  to  the  eye,  the  rays  from 
opposite  sides  of  the  element  crossing  each  other  at  the  focal  lines, 
before  they  reach  the  eye.  It  is  possible,  in  certain  positions  of  the 
eye,  to  see  either  focal  line  at  pleasure,  by  altering  the  focal  adjust- 
ment of  the  eye;  or  the  two  may  be  seen  with  imperfect  definition 

^  The  "^elongated  figure  of  8"  which  is  often  mentioned  in  connection  with  the  secondaiy 
focal  line,  is  obtained  by  turning  the  screen  about  n  the  middle  point  of  cc^,  so  as  to  blur 
lM>th  ends  of  the  image  by  bad  focussing.  It  will  be  observed,  from  an  inspection  of  the 
iliagnun,  that  edvi  yexy  oblique  to  the  reflected  rays. 

If  we  select  the  blurring  of  the  primary  line,  we  may  describe  the  part  of  the  penoi) 
lying'  between  the  two  lines  as  a  tetrahedron,  of  which  the  two  lines  are  opposite  edges. 
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case  of  a  convex  or  a  concave  mirror,  are  directly  proportional  to 
their  distances  from  the  centre  of  curvature.  The  image  is  inverted 
or  erect  according  as  this  centre  does  or  does  not  lie  between  the 
object  and  its  image.  In  the  case  of  a  convex  mirror  the  centre 
never  lies  between  tbem  (if  the  object  be  real),  and  therefore  the 
image  is  always  erect. 

Convex  mirrors  are  very  seldom  employed  in  optical  InBtrumentfi. 

The  silvered  globes  which  are  frequently  used  as  ornaments,  are 
examples  of  convex  mirrors,  and  present  to  the  observer  at  one  view 
an  image  of  nearly  the  whole  surrounding  landscape.  As  tiie  part 
of  the  mirror  in  which  he  sees  this  image  is  nearly  an  entire  hemi- 
sphere, the  deformation  of  the  image  is  very  notable,  straight  lines 
being  reflected  as  curve& 

716.  Anamorphosis. — Much  greater  deformations  are  produced  b; 


cylindric  mirrors.  A  eylindric  mirror,  when  the  axis  of  the  cylinder 
is  vertical,  behaves  like  a  plane  mirror  as  regards  the  angular  magni- 
tude under  which  the  height  of  the  image  is  seen,  and  like  a  spherical 
mirror  as  regards  the  breadth  of  the  image.  If  it  be  a  convex  cylin- 
der, it  causes  bodies  to  appear  unduly  contracted  horizontally  in  pro- 
portion to  their  heights.  Distorted  pictures  are  sometimes  drawn 
upon  paper,  according  to  such  a  system  that  when  they  are  seen 
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reflected  ia  a  cylindric  minor  properly  placed,  as  in  Fig.  6' 
distortion  is  corrected,  and  while  the  picture  appears  a  mass  < 
fusion,  the  image  is  instantly  recognized.  This  restoration  ( 
proportion  in  a  picture  is  called  anamorp^osM. 

719.  Hedioal  Applications. — Concave  mirrors  are  frequent] 
to  concentrate  light  upon  an  object  for  the  purpose  of  rendei 
more  distinctly  visible. 

The  ophthalmoscope  is  a  small  concave  mirror,  with  a  small  1 
its  centre,  through  which  the  observer  looks  from  beliind,  wl 
directs  a  beam  of  reflected  light  from  a  lamp  into  the  pupil 
patient's  eye.  In  thia  way  (with  the  help  sometimes  of  a  lei 
retina  can  be  rendered  visible,  and  can  be  minutely  examined. 

The  laryngoscope  consists  of  two  mirrors.  One  is  a  small 
mirror,  with  a  handle  attached,  at  an  angle  of  about  4S°  to  its 
This  small  mirror  is  held  at  the  back  of  the  patient's  mouth,  i 
the  observer,  looking  into  it,  is  able  by  reflection  to  see  do^ 
patient's  throat,  the  necessary  illumination  being  supplied  by 
cave  mirror,  strapped  to  the  observer's  forehead,  by  means  of 
the  light  from  a  lamp  is  reflected  upon  the  plane  mirror,  whicl 
reflects  It  down  the  throat 
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7S0.  Refraction. — When  a  ray  of  light  passes  £rom  one  tmnspueiit 
medium  to  another,  it  undergoes  a  change  of  direction  at  the  soAa 
of  aeparation,  so  that  its  coarse  in 
the  second  medium  makes  an  ugJe 
with  its  couiBe  in  the  first  lb 
changing  of  direction  is  called  n- 
fraction. 

The  phenomenon  can  be  exhiteed 
by  admitting  a  beam  of  the  san's 
raya  into  a  dark  room,  and  recdv- 
ing  it  on  the  surface  of  water  eon- 
tained  in  a  rectangular  glam  veseeL 
The  path  of  the  beam  will  be  etsls 
traced  by  ita  illumination  of  the 
small  solid  particles  which  lie  in  its 
course. 

The  following  experiment  is  a 
well-known  illustration  of  r^ao 

Fig.  MT.-R*fnclioii.  *''**'*  '• ■*■    ^^"^    '"'  ™     (F^-    *'*^)    ^ 

laid  at  the  bottom  of  a  vessel  with 
opaque  sides,  and  a  spectator  places  himself  so  that  the  coin  is  just 
hidden  from  him  by  the  side  of  the  vessel ;  that  is  to  say,  so  that  the 
line  m  A  in  the  figure  passes  just  above  his  eye.  Let  water  now  be 
poured  into  the  vessel,  care  being  taken  not  to  displace  the  ewn. 
The  bottom  of  the  vessel  will  appear  to  rise,  and  the  coin  will  come 
into  sight  Hence  a  pencil  of  rays  from  m.  must  have  ent«ed  tbe 
spectator's  eye.  The  pencil  in  fact  undei^;oe8  a  sudden  bend  at  tbe 
surface  of  the  water,  and  thus  reaches  the  eye  by  a  crooked  comae. 


Fi|.  Mt.— BipttUMOt  of  Cofn  In  Bu 
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in  which  the  obstacle  A  ia  evaded.     If  the  part  of  the  penci 

be  produced  backwards,  its  rays  will  approximately  meet  in 

m',  which  ia  therefore  the 

image  of  m.     Its  position  is 

not  correctly  indicated  in  the 

figure,  being  placed  too  much 

to  the  left  (§727  A). 

The  broken  appearance 
presented  by  a  stick  (Fig. 
649)  when  partly  immersed 
in  water  in  an  oblique 
position,  is  similarly  ex- 
plained, the  part  beneath  the  water  being  lifted  up  by  rei 

721,  Eefrwtive  Powers  of  Diflbrent  Media. — In  the  experin 
the  coin  and  stick,  the  rays,  in  leavinj;  the  water,  are  ben 
from  the  normals  Z I N,  Z'  I'  N' 
at  the  points  of  emergence;  in 
the  experiment  first  described 
(Fig.  617),  on  the  other  hand, 
the  rays,  in  passing  from  air  into 
water,  are  bent  nearer  to  the 
normal.  In  every  case  the  path 
which  the  rays  pursue  in  going 
is  the  same  as  they  would  pur 
sue  in  returning;  and  of  the 
two  media  concerned  that  in 
which  the  ray  makes  the  smaller 
angle  with  the  normal  is  aud 

to  have  greater  refractive  power  than  the  other,  or  to  be  more 
refracting. 

Liquids  have  greater  re&active  power  than  gases,  and  as  a 
rule  (subject  to  some  exceptions  in  the  comparison  of  dissimi 
stances)  the  denser  of  two  substances  has  the  greater  refi-actinf 
Hence  it  has  become  customary,  in  enunciating  some  of  the 
optics,  .to  speak  of  the  denser  medium  and  the  ra/rer  medium,  ^ 
more  correct  designations  would  be  more  refractive  and  less  rcj 

7S3.  Lam  of  BefraeUon. — ^The  quantitative  law  of  refrad 
not  discovered  till  quite  modem  times.  It  was  first  stated  I 
a  Datdi  philosopher,  and  was  made  more  generally  known 
cartes,  who  has  <rften  been  called  its  discoverer. 
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Let  B I  (Fig.  650)  be  a  ray  iDcideoi  at  I  on  the  HnT&ce  of  aepuv 
tioD  of  two  media,  and  let  I S  be  the  course  of  tJie  ray  after  t^Frao- 
tioo.     Then  the  angles  which  R I  and  I S  make  with  ti»  normal 
are  called  the  angle  of  vnddence  and  the  angle  of  refraction  respec- 
tively ;  and  the  first  law  of  le&Bction 
is  that  these  angles  lie  in  the  same 
plane,  or  the  plane  of  refnutvm  « 
the  aame  as  the  plane  of  inddmee. 

The  law  which  connecte  the  vug- 
nitudes  of  these  two  angles,  and  whid 
was  discovered  by  Snell,  can  odIj  be 
stated  either  by  reference  to  a  gw- 
metrical  constrnction,  orbyemplojii^ 
the  language  of  trigonometiy.  De- 
scribe a  circle  about  the  point  of  in- 
cidence I  08  centre,  and  drop  perpoh 
ii(.  «so.— Law  orit*buUea.  dicular8,from  the  points  wherc  itcotfl 

the  rays,  on  the  normal  The  lav  it 
that  these  perpendiculars  B.'  P",  S  F,  will  have  a  constant  ratio;  s 
the  ginea  of  the  angles  of  incidence  and  refraction  are  in  a  coiutaii 
raiio.     It  ia  often  referred  to  as  the  law  of  ainea. 

The  angle  by  which  a  ray  is  turned  out  of  its  original  conrae  in 
undergoing  refraction  is  called  its  deviation.  It  is  zero  if  Uie  iixi- 
dent  ray  is  normal,  and  always  increases  with  the  angle  c^  indd- 
ence. 

73S.  Veriflcation  of  the  Law  of  Bines. — These  laws  can  he  verified 
by  means  of  the  apparatus  represented  in  Fig.  651,  which  is  v«i7 
similar  to  that  employed  by  Descartca  It  has  a  vertical  divided 
circle,  to  the  Iront  of  which  is  attached  a  cylindrical  vessel,  half-filled 
with  water  or  some  other  transparent  liquid.  The  surface  of  the 
liquid  must  pass  exactly  through  the  centre  of  the  circle.  I  ia  a 
movable  mirror  for  directing  a  reflected  beam  of  solar  lig^t  on  tk 
centre  0.  The  beam  must  be  directed  centaally  through  a  sbrat 
tube  attached  to  the  mirror,  and  to  facilitate  this  adjostmeot  the 
tube  is  furnished  with  a  diaphragm  with  a  hole  in  its  centre.  The 
arm  Oa  is  movable  about  the  centre  of  the  circle,  and  carries  a  ver- 
nier for  measuring  the  angle  of  incidence.  The  ray  undergoes  refrac- 
tion at  O ;  and  the  angle  of  refraction  is  measured  by  means  of  > 
second  arm  O  B,  which  is  to  be  moved  into  such  a  position  that  t}te 
diaphragm  of  its  tube  receives  the  beam  centrally.     No  r^acbos 


occuiB  at  emergence,  si 
faces  of  the  liquid  ani 
indicates  the  direction 
and  refraction  can  be  n 
and  the  ratio  of  their 
sines   will   be   found 
constant     The   sines  - 
can  also  be  directly 
measured  by  employ- 
ing slidkig- scales  as  - 
indicated  in  the  fig- 
ure, the  readings. b?-  . 
ing  takrai  -at-  the  ex- 
tremity of  each  ann. 
It  would  be  easy 
to  make  a  beam  of 
light     enter    at    the 
lower  side  of  the  ap- 
paratus, in   a  radial 
direction ;      and      it 
would  be  found  that 
the  ratio  of  the  sines 
was      precisely     the 
same    as    when   the 
light     entered    &om 
above.  This  is  merely 
an  instance  of  the  gem 
the  same  as  that  of  a  d 
734.  Indices  of  Sefr 
incddenoe  to  the  sine  < 
from  one  medium  into 
Hon  fi*oin  the  former  n; 
vacnum  into  any  medi 
and  is  called  the  abaol 
of  refraction,  for  the 
refraction  from  any  me 
absolute  index  of  B  di' 
lute  index  of  air  is  so  b 
pariBon  'with  those  of 
relatlTe  index  for  a  ra; 
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be  multiplied  by  the  absolute  index  for  air,  in  order  to  obtain  the 
absolute  index  of  refraction  for  the  subatance. 

The  following  table  gives  the  indices  of  refraction  of  Bevenl  aab- 
stancea: — 

Indiccb  or  BiruQTioH.' 


IKamond, 2H  to  2-7G5 

Skpphin 1794 

EUnt-gUo, 1-576  to  l'S12 

~  '  .    .  1-681  to  1-668 


Aloohol, 

Aqimnu  hnntoQT  of  eja,   .    .    .    . 

TitraooB  humour, 

Crj'rtdliiie  lem;  outer  ookt,  .    .    . 

„  „    under  ooit,      .    . 

„  „    central  pinlkai,    . 


Book-ult, 1-645 

Canada  baLuun 1-640 

Buulpbide  of  carbon,       ....  1-678 

Ijnwed-oil  (ip.  gr.  -932}     .     .     .  1-4S2 

Oil  of  tuipentine  (sp.  gr.  '8SS),    .  1'473 

725.  Critical  Angle. — We  see,  from  the  law  of  sines,  that  whenlhe 
incident  ray  is  ia  the  less  refractive  of  the  two  media,  to  every  pos- 
sible angle  of  incidence  there  is  a  coiTesponding  angle  of  refraction. 
This,  however,  is  not  the  case  when  the  incident  ray  is  in  the  more 
refractive  of  the  two  media.     Let  S  O,  S'  O,  S"  O  (Fig.  652),  be  i»- 


Flg.  «S1.— Critloal  Anfla. 

cident  rays  in  the  less  refractive  medium,  and  O  B>  O  B',  0  B*  tk 
corresponding  refracted  rays.  There  will  be  a  particular  direction 
of  refraction  O  L  corresponding  to  the  angle  of  inddence  of  SO". 
Conversely,  incident  rays  R  O,  R'  0,  R"  O,  in  the  more  re&acttn 

*  nM  index  of  refraction  i>  alwajs  grmter  for  nolet  than  tor  nd  (Me  daf.  U.)   1h 
nnmbeov  in  thu  table  aie  to  be  undentood  •■  mean  valnea. 
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medium,  will  emerge  in  the  dit*ections  O  S,  O  S',  O  S",  and  the  direc- 
tion of  emergence  for  the  incident  ray  L  O  will  be  O  B,  which  is  coin- 
cident with  the  bounding  surface. 

The  angle  L  O  N  is  called  the  critical  angle,  and  is  easily  computed 
when  the  relative  index  of  refraction  is  given.  For  let  /*  denote  this 
index  (the  incident  ray  being  supposed  to  be  in  the  less  refractive 
medium)^  then  we  are  to  have 

sin  90'  V    -^   •  1  • 

— ; =  tt,  whence  am  »=— , 

sin  X  /A 

that  is,  the  sine  of  the  critical  aiigle  is  the  reciprocal  of  the  index 
of  refraction. 

When  the  media  are  air  and  water,  this  angle  is  about  48°  30'. 
For  air  and  different  kinds  of  glass  its  value  ranges  from  38°  to  41°, 
If  a  ray,  as  I O,  is  incident  in  the  more  refractive  medium,  at  an 
angle  greater  than  the  critical  angle,  the  law  of  sines  becomes  nuga- 
tory, and  experiment  shows  that  such  a  ray  undergoes  internal  reflec- 
tion in  the  direction  O  I',  the  angle  of  reflection  being  equal  to  the 
angle  of  incidence.  Reflection  occurring  in  these  circumstances  is 
nearly  perfect,  and  has  received  the  name  of  total  reflection.  Total 
reflection  occurs  when  rays  are  incident  in  the  more  refractive 
medium  at  an  angU  greater  than  the  critical  angle. 

The  phenomenon  of  total  reflection  may  be  observed  in  several 
familiar  instancea  For  example,  if  a  glass  of  water,  with  a  spoon  in 
it  (Fig.  653),  is  held  above  the  level  of  the  eye,  the  under  side  of  the 
surface  of  the  water  is  seen  to  shine  like  a  brilliant  mirror,  and  the 
lower  part  of  the  spoon  is  seen  reflected  in  it.  Beautiful  effects  of 
the  sajne  kind  may  be  observed  in  aquariums. 

726.  Mirage. — An  appearance  as  of  water  is  frequently  seen  in 
sandy  deserts,  where  the  soil  is  highly  heated  by  the  sun.  The 
observer  sees  in  the  distance  the  reflection  of  the  sky  and  of  terres- 
trial objects,  as  in  the  surface  of  a  calm  lake  (Fig.  654).  This  pheno- 
menon, called  mirage,  was  first  explained  by  Monge,  who  observed 
it  in  Bonaparte's  Egyptian  expedition. 

The  air  near  the  ground  becomes  so  highly  heated  that  the  density 
within  a  certain  distance  of  the  ground  increases  upwards.  A  ray, 
as  M  a  (Fig.  655),  proceeding  obliquely  downwards,  will  then  be  ren- 
dered, by  refraction,  more  and  more  nearly  horizontal  as  it  advances, 
until  its  direction  is  such  as  to  bring  about  total  reflection;  and  the 
reflected  ray  is  then,  by  successive  refractions,  gradually  elevated 

£9 
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Mirage  m&y  sometimes  be  artificially  produced  in  the  ioUowing 
way.  A  sheet-iron  box  is  employed,  with  its  ends  cut  away.  Its 
bottom  is  heated  externally  by  coals,  and  the  observer  is  Btatimed 


Fig.  tM.—Tbtorj  at  Klnfs, 

80  a^  to  look  through  endwise  In  general,  nothing  parbculir  it 
observed  except  a  fluttering  due  to  currents  of  air  of  different  d»- 
sities.  Sometimes,  however,  from  causes  not  easily  controM  • 
state  of  calm  supervenes,  and  one  of  the  layers  of  air  perfonns  tbe 
part  of  a  mirror,  so  that  the  observer  sees  the  reflections  of  otjas 
on  the  further  side  of  the  box. 

727.  Camera  Locida. — The  camera  lucida  is  an  instrument  smt- 
times  employed  to  facilitate  the  sketching  of  objects  from  luton 


It  acts  by  total  reflection,  and  may  have  various  forms,  of  vlai 
that  proposed  by  Wollaston,  and  represented  in  Fig.  656,  657,  is  one 
of  the  commonest.    The  essential  part  is  a  totally-reflecting  piian 
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with  four  angles,  one  of  which  is  90^  the  opposite  one  135^  and  the 
other  two  each  67°  30'.  One  of  the  two  faces  which  contain  the 
right  angle  is  turned  towards  the  objects  to  be  sketched.  Rays 
incident  normally  on  this  face,  as  xr,  make  an  angle  greatly  exceed- 
ing the  critical  angle  with  the  face  c  d,  and  are  totally  reflected  from 
it  to  the  next  face  d  a,  whence  they  are  again^  totally  reflected  to 
the  fourth  fiwe,  from  which  they  emerge  normally.  An  eye  placed 
so  as  to  receive  the  emergent  rays,  will  see  a  virtual  image  in  a 
direction  at  right  angles  to  that  in  which  the  object  lies.  In  prac- 
tice, the  eye  is  held  over  the  corner  a  of  the  prism,  in  such  a  position 
that  one-half  of  the  pupil  receives  these  reflected  rays,  while  the 
other  half  receives  light  in  a  parallel  direction  outside  the  prism. 
The  observer  thus  sees  the  reflected  image  projected  on  a  real  back- 
ground, which  consists  of  a  sheet  of  paper  for  sketchipg.  He  is  thus 
enabled  to  pass  a  pencil  over  the  outlines  of  the  image,  pencil  image 
and  paper  being  simultaneously  visible.  It  is  very  desirable  that 
the  image  should  lie  in  the  plane  of  the  paper,  not  only  because  the 
pencil  point  and  the  image  will  then  be  seen  with  the  same  focussing 
of  the  eye,  but  also  because  parallax  is  thus  obviated,  so  that  when 
the  observer  shifts  his  eye  the  pencil  point  is  not  displaced  on  the 
image.  As  the  paper,  for  convenience  of  drawing,  must  be  at  a 
distance  of  about  a  foot,  a  concave  lens,  with  a  focal  length  of  some- 
thing less  than  a  foot  is  placed  close  in  front  of  the  prism,  in  drawing 
distant  objects.  By  raising  or  lowering  the  prism  in  its  stand  (Fig. 
657),  the  image  of  the  object  to  be  sketched  may  be  made  to  coincide 
with  the  plane  of  the  paper. 

The  prism  is  mounted  in  such  a  way  that  it  can  be  rotated  either 
about  a  horizontal  or  a  vertical  axis;  and  its  top  is  usually  covered 
with  a  movable  plate  of  blackened  metal,  having  a  semicircular  notch 
at  one  edge,  for  the. observer  to  look  through. 

727  a.  Images  by  Refraction  at  a  Plane  Surface. — When  a  point  Q 
(Fig.  657  a),  in  the  interior  of  a  solid  or  liquid  bounded  by  a  plane 
surface,  sends  rays  into  air,  the  emergent  rays,  if  produced  back- 
wards, will  all  touch  a  certain  caustic  surface,  which  is  a  surface  of 
revolution,  having  for  axis  the  normal  from  Q  to  the  plane  surface. 
The  caustic  has  a  cusp,  situated  on  this  normal,  at  a  distance  from 
the  surfa<;e  equal  to  the  distance  of  Q  divided  by  the  index  of  refrac- 
tion, and  this  is  the  position  of  the  image  as  seen  by  an  eye  situated 

^  The  use  of  having  two  reflections  is  to  obtain  an  erect  image.     An  image  obtained  by 
one  leflection  would  be  upside  down. 
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If  the  luminous  body  is  at  a  distance  whicli  may  be  regarded  w 
iufimte, — if  it  is  a  star,  for  example,— 
all  the  images  should  coinrade,  and 
lorm  only  a  single  image,  occupying  i 
podtioQ  which  does  not  vary  with  tbe 
position  of  the  observer,  provided  Uat 
the  plate  is  perfectly  bomogeneooi. 
and  its  faces  perfectly  plane  and  pu- 
alleL  A  severe  test  is  thua  fumisbed 
of  the  fulfilment  of  tbeae  conditions. 

Plates  are  sometimes  tested,  f« 
parallelism  and  uniformity,  by  sup- 
porting them  in  a  horizontal  podtioo 
on  three  points,  viewing  tbe  image  of 
a  star  in  tbem  with  a  telescope  fur- 
nished with  cross  wires,  and  obeen-- 

K,.  Mi.-imw  "f  c«di.  in  L»kiug.gi«.  '^S  whether  the  image  is  displaced  m 
the  wires  when  tbe  plate  is  shifted 

into  a  different  position,  still  resting  on  the  same  three  point& 
730.  BeArsotion  through  a  Prism. — For  optical  purpose^  any  px- 


Fig.  662.— EqullaUnl  Friuu.  Rg.  ««3.— Prinn  meut^  <m  B4ud. 

tion  of  a  transparent  body  lying  between  two  plane  faces  whidi  a 


BEFBACTIOIT  THBOdOH  PBISMS.  921 

not  parallel  may  be  regarded  as  a  prism.^  The  lioe  in  whicli  these 
faces  meet,  or  would  meet  if  produced,  is  called  the  edge  of  the  prism, 
and  a  section  made  by  a  plane  perpendicular  to  them  both  is  called 
a,  principal  aectioTu  The  prisms  chiefly  employed  are  really  prisms 
ill  the  geometrical  sense  of  the  word.  Their  principal  sections  are 
usually  triangular,  and  are  very  frequently  equilateral,  as  in  Fig.  662. 
The  stand  usually  employed  for  prisms  when  mounted  separately  is 
represented  in  Fig.  663.  It  contains  several  joints.  The  uppermost 
is  for  rotating  the  prism  about  its  own  axi&  The  second  is  for  turn- 
ing the  prism  bo  that  its  edges  shall  make  any  required  angle  with 
the  vertical  The  third  gives  motion  about  a  vertical  axis,  and  also 
ftmiisbes  the  means  of  raising  and  lowering  the  prism  through  a 
range  of  several  inchea 

Let  S I  (Fig.  664)  be  an  incident  ray  in  the  plane  of  a  principal 
section  of  the  prism.'    If  the  e^ctemal  medium  be  air,  or  any  other 
substance  of  less  refractive  power  than  the  prism,  the  ray  in  entering 
the  prism  will  be  bent  nearer  to  the  normal,  taking  such  a  couive  as 
I E,  and  in  leaving  the  priam  will  be  bent  away  from  the  normal, 
taking  the  course  £  R     The  effect  of  these  two  refractions  is,  there- 
fore, to  turn  the  ray  away  from  the  edge  (or  refracting  angle)  of  the 
prism.     In  practice,  the  prism  is 
usually  BO  placed  that  I S,  the  path 
of   the   ray   through    the    prism, 
makes  equal  angles  with  the  two 
faces   at  which   refraction  occurs 
S  731),      If  the  prism  is  turned 
very   far   from   this  position,   the 
course   of  the  ray  may  be  alto- 
gether different  from  that  repre- 
sented in  the  figure;  it  may,  for  Fig.  .«.-R.tt»ti«.  th™,«h Pru«^ 
example,  enter  at  one  face,  be  in- 
ternally reflected  at  another,  and  come  out  at  the  third;  but  we 
at  present  exclude  such  cases  frxim  consideration. 

The  direction  of  deviation  is  easily  shown  experimentally,  by 
admitting  a  narrow  beam  of  sunlight  into  a  dark  room,  and  intro- 
ducing a  priam  in  its  course.  It  will  be  found  that  the  refracted 
beam,  in  the  circumstances  represented  in  Fig.  664,  is  turned  aside 
some  40°  or  60°  from  its  original  course.' 

*  This  kmoonb  to  Mjing'  thAt  the  woid  |>runi  in  optica  meuu  vitdgt, 

*  The  pbenomeiut  here  ttewiribed  ue  complicated  in  pnctice  b;  the  unequal  refnngitu- 
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This  last  result  is  of  great  practical  importance,  as  it  enables  us  to 
calculate  the  index  of  refraction  /i  from  measurements  of  the  re&acc- 
ing  angle  A  of  the  prism^  and  of  the  deviation  D  which  occurs  when 
the  ray  passes  symmetrically. 

When  a  beam  of  sunlight  in  a  dark  room  is  transmitted  throngb  s 
prism,  it  will  be  found,  on  rotating  the  prism  about  its  axis,  tiai 
there  is  a  certain  mean  position  which  gives  smaller  deviation  of  the 
transmitted  light  than  positions  on  either  side  of  it;  and  that>  wka 
the  prism  is  in  this  position,  a  small  rotation  of  it  has  no  sensihle 
effect  on  the  amount  of  deviation.  The  position  determined  expeii- 
mentally  by  these  conditions,  and  known  as  the  position  of  ffdni- 
mum  deviation^  is  the  position  in  which  the  ray  passes  symmetricaOj 
731  A.  Construction  for  Deviation. — The  following  geometrical  ooo- 

struction  furnishes  a  veiy  sim- 
ple method  of  representing  tite 
variation  of  deviation  with  the 
angle  of  incidence; — 

1.  When  the  refraction  is  at 

a  single  surface,  describe  tro 

circular  arcs  about  a  oomnMsi 

centre  O  (Fig.  666  a),  the  ratioaf 

their  radii  being  the  indexof  r^ 

fraction*  Then,  if  the  inddeoce 

is  from  rare  to  dense,  draw  a 

•  radius  O  A  of  the  smaller  ciick 

to  represent  the  direction  of  the  incident  ray,  and  let  NAB  be  the 

direction  of  the  normal  to  the  suiface  at  the  point  of  incidence,  &o 

that  O  AN  is  the  angle  of  incidence.     Join  O  B.     Then  OBN  b 

the  angle  of  refraction,  since  ^?tS  =  ^=  index  of  refiactiwi: 

°  '  Bin  0  B  N      O  A 

hence  O  B  is  parallel  to  the  refracted  ray.  If  the  incidence  is  from 
dense  to  rare,  we  must  draw  O  B  to  represent  the  incident  ray, 
make  O  B  N  equal  to  the  angle  of  incidence,  and  join  0  A  In 
either  case  the  angle  A  O  B  is  the  deviation,  and  it  evidently  in- 
creases with  the  angle  of  incidence  OAN,  attaining  its  greatest 
value  when  this  angle  (0  A  N"  in  the  figure)  is  a  right  an^e^  in 
which  case  the  angle  of  refraction  O  B"  N"  is  the  critical  angk 

2.  To  find  the  deviation  in  refraction  through  a  prism,  describe 
two  concentric  circular  arcs  as  before  (Fig.  666  B),  the  ratio  of  their 
radii  being  the  index  of  refraction.     Draw  the  radius  0  A  of  the 


Fig.  6d6A.— Oenend  Construction  lor  Deviation. 
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smaller  circle  to  represent  the  iDcident  ray,  N  B  to  repreeei 
normal  at  the  first  surface,  B  N'  the  normal  at  the  second  si 
Then  0  B  represents  the  direction  of  the  ray  in  the  prism,  O. 
direction  of  the  emergent  ray,  and  A  O  A'  is  accordingly  the 
deviation. 
In  fact  we  have 

O  A  K  =  Ki^  of  incidence  >t  Gnt  aarFace. 

OBN  =         „       rebmction  „ 

OBN'=        „       irnddencs  kt  wcond  Bnrfaca. 

OA'N'=         „       lefraotioD  „ 

A  O  B  3  deriation  at  firat  Burf&ce. 

BOA'=         „  leoond     „ 

ABA'  K  angle  between  Dormali  =  angle  of  prism. 

Again,  the  deviation  A  O  A',  being  the  angle  at  the  centre 
circle,  is  measured  by  the  arc  A  A',  which  subtends  it.  To  c 
the  minimum  deviation,  we  must  so  arrange  matters  that  the 
ABA'  being  given  (=angle  of  prism),  the  arc  A  A'  shall  be  a 
mum.     Let  ABA',  aBa'  (Fig.  666c),  be  two  consecutive  posi 


Hf.  tHB.— AppUcMloa  to  Fiita, 


Fig.  S«SC— Fmof  of  lUnimnm  DvTiM 


BA'and  Ba'  being  greater  than  BA  and  Ba.  Then,  sino 
small  angles  ABa,  A'Ba'  are  equal,  it  is  obvious,  for  a  d 
reason,  that  the  small  arc  A'  a'  is  greater  than  A  a,  and  heno 
whole  arc  a  a' is  greater  than  A  A.  The  deviation  is  therefoi 
creased  by  altering  the  position  in  such  a  way  as  to  make  B I 
B  A'  depart  further  from  equality,  and  is  a  minimum  when 
are  eqnaL 

731b.  Coqjug&te  Too!  fcr  Hisimnm  Deviation. — When  the  anj 
incidence  is  nearly  that  corresponding  to  minimum  deviation,  a : 
change  in  this  angle  has  no  sensible  effect  on  the  amount  of  devi: 

Hence  a  small  pencil  of  rays  sent  in  this  direction  from  a  lum: 
pointj  and  incident  neax  the  refracting  edge,  will  emerge  with 
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divergence  sensibly  unaltered,  so  that  if  produced  backwards  tliej 
would  meet  in  a  virtual  focus  at  the  earn*  distance  (but  of  course  not 
in  the  same  direction)  as  the  point  from  which  they  came. 

In  like  manner,  if  a  small  pencil  of  rays  converging  towards  a 
point,  are  turned  aside  by  interposing  the  edge  of  a  prism  in  the 
position  of  minimum  deviation,  they  will  on  emergence  converge  to 
another  point  at  the  same  distance.  We  may  therefore  assert  that, 
neglecting  the  thickness  of  a  prism,  conjugate  foci  are  at  the  wnw 
distance  from  it,  and  on  tlie  same  side,  when  the  deviation  is  a 
minimum. 

732.  Doable  Befrutios. — Thus  far  we  have  been  treating  of  what 

is  called  single  refradion. 
We  have  assumed  that  to 
each  given  incident  ray 
there  corresponds  onlf 
one  refracted  ray.  This 
is  true  when  the  reiractioD 
is  into  a  liquid,  or  inb) 
well-annealed  glass,  or 
into  a  crystal  belonging  to 
the  cubic  system. 

On  the  other  hand,  when 
an  incident  rayis  re&acted 
tit.  Mr.-i»und-^.  iD*^  ^  crystal  of  any  other 

than  the  cubic  system,  or 
into  glass  which  ia  unequally  stretched  or  jcompressed  in  different 
directions ;  for  example,  into  unannealed  glass,  it  gives  rise  in  general 
to  two  refracted  rays  which  take  different  paths;  and  this  pheno- 
menon is  called  dovhle  refraction.  Attention  was  firat  called  to  it 
in  1670  by  Bartholin,  who  observed  it  in  the  case  of  Iceland-spar, 
and  its  kws  for  this  substance  were  accurately  determined  by 
Huyghena 

733.  Phenomena  of  Double  Aefraotion  in  loeland-apar. — Iceland-spar 
or  calc-spar  is  a  form  of  crystallized  carbonate  of  lime,  and  is  found 
in  large  quantity  in  the  country  from  which  it  derives  its  name  It 
is  usually  found  in  rhombohedral  form,  as  represented  in  Hgs. 
667,  668. 

To  observe  the  phenomenon  of  double  refraction,  a  piece  of  the 
spar  may  be  laid  on  a  page  of  a  printed  book.  All  the  letters  seen 
through  it  will  appear  double,  as  in  Fig.  668 ;  and  the  depth  of  their 
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blackness  is  considerably  less  than  that  of  the  originals,  except  where 
the  two  imi^es  overlap. 

In  order  to  state  the  laws  of  the  phenomena  with  precision,  it  is 
necessary  to  attend  to  the  crystalline  form  of  Iceland-spar. 

At  the  comer  which  ia  represented  as  next  ua  in  Fig.  667  three 
equal  obtuse  angles  meet;  and  thia  is  also  the  case  at  the  opposite 


yif.  WS.—Danbla  RatncUoD  at  IcaluuJ-ipu. 

corner  which  is  out  of  sight.  If  a  line  be  drawn  through  one  of 
these  comers,  making  equal  angles  with  the  three  edges  which  meet 
there,  it  or  any  line  parallel  to  it  is  called  the  axis  of  the  crystal ; 
the  axis  being  properly  speaking  not  a  definite  line  but  a  definite 
direction. 

The  angles  of  the  crystal  are  the  same  in  all  specimens;  but  the 
lengths  of  the  three  edges  (which  may  be  called  the  oblique  length, 
breadth,  and  thicknesa)  may  have  any  ratios  whatever.    If  the  crystal 


is  of  such  proportions  that  these  three  edges  are  equal,  as  in  the  first 
part  of  Fig.  669,  the  axis  is  the  direction  of  one  of  its  diagonals, 
which  IB  represented  in  the  figure. 
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Any  plane  containing  (or  parallel  to)  the  axis  is  called  a  principal 
plane  of  the  crj^stal. 

K  the  crystal  is  laid  over  a  dot  on  a  sheet  of  paper,  and  is  made 
to  rotate  while  remaining  always  in  contact  with  the  paper,  it  will 
be  observed  that,  of  the  two  images  of  the  dot,  one  remains  nih 
moved,  and  the  other  revolves  round  it  The  former  is  called  tk 
ordinary,  and  the  latter  the  extraordinary  image.  It  will  alsok 
observed  that  the  former  appears  nearer  Chan  the  latter,  being  moie 
lifted  up  by  refmction. 

The  rays  which  form  the  ordinary  image  follow  the  ordinary  kw 
of  sines  (§  722).  They  are  called  the  ordinary  raya  Those  wbich 
form  the  extraordinary  image  (called  the  extraordinary  rays)  do  sot 
follow  the  law  of  sines,  except  when  the  plane  of  incidence  is  perpen- 
dicular to  the  axis  of  the  crystal,  and  in  this  case  their  index  of 
refraction  (called  the  extraordinary  index)  is  different  from  that  of 
the  ordinary  raya  The  ordinary  index  is  1-66,  and  the  extraordiMiy 
1-52. 

When  the  plane  of  incidence  is  parallel  to  the  axis,  the  extn- 
ordin^ry  ray  lies  in  this  plane,  but  the  ratio  of  the  sines  of  the  angles 
of  incidence  and  refraction  is  variable. 

When  the  plane  of  incidence  is  oblique  to  the  axis,  the  exon- 
ordinary  ray  generally  lies  in  a  different  plana 

We  shall  recur  to  the  subject  of  double  refraction  in  the  oondndiog 
chapter  of  this  voluma 
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LENSES. 


735.  Fonns  of  Lenses. — ^A  lens  is  usually  a  piece  of  glass  bounded 
by  two  surfaces  which  are  portions  of  spheres.  There  are  two  prin- 
cipal classes  of  lenses. 

L  Converging  lenses  or  convex  lenses,  which  have  one  or  other  of 
the  three  forms  represented  in  Fig.  670.  The  first  of  these  is  called 
double  convex,  the  second  plano-convex,  and  the  third  concavo- 
convex.     This  last  is  also  called  a  converging  meniscu&     All  three 
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Fig.  670. — Conrerging  Lenaea. 


Fig.  671.— DiveigiDg  Lexuet. 


ire  thicker  in  the  middle  than  at  the  edges.  They  are  called  con- 
p^erging,  because  rays  are  always  more  convergent  or  less  divergent 
tfter  passing  through  them  than  before. 

2.  Diverging  lenses  or  concave  lenses  (Fig.  671)  produce  the 
opposite  effect,  and  are  characterized  by  being  thinner  in  the  middle 
han  at  the  edgea  Of  the  three  forms  represented,  the  first  is  double 
oncave,  the  second  plano-concavei  and  the  third  convexo-concave 
also  called  a  diverging  meniscus). 

60 
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point  S';  wheace  it  followa  that  rays  sent  from  S'  to  the  lena  would 
converge  (approximately)  to  S.  Two  points  thus  related  are  called 
cfftijttgate  foci  of  the  lens,  and  the  line  Joining  them  always  passes 
through  the  centre  of  the  lens ;  in  other  words,  they  must  either  be 
both  on  the  principal  asm,  or  both  on  the  same  secondary  axis. 

The  fact  that  rays  which  come  from  one  point  go  to  one  point  is 
the  foundation  of  the  theory  of  images,  as  we  have  already  explained 
in  connection  with  min-ors  (§  707). 

The  diameters  of  object  and  image  are  directly  as  their  distances 
from  the  centre  of  the  lens,  and  the  image  will  be  erect  or  inverted 
according  as  the  object  and  image  lie  on  the  same  side  or  on  opposite 
sides  of  this  centre  (§  711).  There  is  also,  in  the  case  of  lenses,  the 
same  difference  between  iin  image  seen  in  mid-air  and  an  ima^ 
thrown  on  a  screen  which  we  have  pointed  out  in  §  7I4>. 

It  is  to  be  remarked  that  the  distinction  between  principal  and 
secondaiy  axes  has  much  more  significance  in  the  case  of  lenses  than 
of  min'ors;  and  im^es  produced  by  a  lens  are  more  distinct  in  the 
neighbourhood  of  the  principal  axis  than  at  a  distance  from  it 

7S9.  Formnls  relating  to  Lenses. — ^The  deviation  produced  in  a 
ray  by  transmi&^ion  through  a  lens  will  not  be  altered  by  substituting 


Ft;.  ATT  ^Diiwnm  •hoirini  Futfa  of  Ra/,  and  Noniuli. 

for  the  lens  a  prism  bounded  by  planes  which  touch  the  lens  at  the 
points  of  incidence  and  emergence ;  and  in  the  actual  use  of  lenses, 
the  direction  of  the  rays  with  respect  to  the  supposed  prism  is  such 
as  to  give  a  deviation  not  differing  much  from  the  minimum.  The 
expression  for  the  minimum  deviation  (§  731)  is  2i— 2r  or  2i— A; 
and  when  the  angle  of  the  prism  is  small,  as  it  is  in  the  case  of 
ordinary  lenses,  we  may  assume  —  =  ^^--  =  fi;  so  that  Zi  becomes 
S/*r  or  ft  A,  and  the  expression  for  the  deviation  becomes 
0»-l)A.  (1) 
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A  being  the  angle  between  the  tangent  planes  (or  between  the  nor- 
mala)  at  the  points  of  entrance  and  emergence. 

Let  Xi  and  x^  denote  the  distances  of  these  points  respectively  {rom 
the  principal  axis,  and  Vj,  r^  the  radii  of  curvature  of  the  faces  on 

which  they  lie. '   Then  -*'  ^*  are  the  sines  of  the  angles  -which  flie 

normals  make  with  the  axis,  and  the  angle  A  is  the  sum  or  dife- 
ence  of  these  two  angles,  according  to  the  shape  of  the  len&  In  tk 
case  of  a  double  convex  lens  it  is  their  sum,  and  if  we  identify  the 
sines  of  these  small  angles  with  the  angles  themselves,  we  have 


»'i     U 


But  if  pi,  P2  denote  the  distances  from  the  faces  of  the  lens  to  the 
points  where  the  incident  and  emergent  rays  cut  the  principal  axis, 


X.     X, 


~»  -^  are  the  sines  of  the  angles  which  these  rays  make  with  the 

axis,  and  the  deviation  is  the  sum  or  difference  of  these  two  angH 
according  as  the  conjugate  foci  are  on  opposite  sides  or  on  the  san^ 
side  of  the  lena     In  the  former  case,  identifying  the  angles  wid 

their  sines,  the  deviation  is  -^  + -^»  and  this,  by  formula  (1),  is  to  be 

equal  to  (/i-l)  A,  that  is,  to  (/i-1)  (^+f;)- 

If  the  thickness  of  the  lens  is  negligible  in  comparison  with  pj,  p» 
we  may  regard  iCi  and  x^  as  equal,  and  the  equation 


X 

p 
will  reduce  to 


!^+*_i  =  (M-l)  (-»  +  -•)  (3) 

Pi    Pi  \ri     r,/ 


Pi     Pi  Vi     rj 


(*) 


If  2>i  is  infinite,  the  incident  rays  are  parallel,  and  p^  is  the  principal 
focal  length,  which  we  shall  denote  by  /.     We  have  therefore 

;_=(.-!)  (1+1)         (5, 

and 

—  4 =  -3--  VW 

Pi     Pi     f 


740.  Conjugate  Foci  on  Secondary  Axis. — ^Let  M  be  a  luminooa 
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point  on  the  secondary  axis  MOM',  0  being  the  centre  of  the  lens, 
and  let  M'  be  the  point  in  which  an  emergent  ray  corresponding  to  the 
incident  ray  MI  cuts  this  axis.  Let  ic  denote  Sj  or ai],  the  distances  of 
the  points  of  incidence  and  emergence  from  the  principal  axis,  and  d 
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the  obliquity  of  the  secondary  axis;  then  a;  cos  d  is  the  length  of  the 
perpendicular  from  I  upon  M  M',  and  "^*,  *^t^  ^^^  *'^^  aines  of  the 
angles  O  M  I,  O  M'  I  respectively.  But  the  deviation  is  the  sum  of 
these  angles;  hence,  proceeding  as  in  last  section,  we  have 


ai+Trr-''-'>(r-;+r,)-7- 


and  when  fl  is  small,  its  cosine  is  sensibly  equal  to  unity;^  in  which 
case  the  equation  reduces  to 


The  fact  that  x  does  not  appear  in  equations  (6)  and  (8)  shows 
that,  for  every  poution  of  a  luminoas  point,  there  is  a  conjugate  focus 
lying  on  the  same  axis  as  the  lumiDoue  point  itself,  at  least  in  so  £ar 
as  the  approximate  assumptions  which  we  have  made  are  allowable. 
741.  Diecnssion  of  the  7onnala  for  Convex  ZienseB. — It  thus  appears 

that  the  formula  ,        .        , 

L  ^  }    =\  (8) 

p       ^      f 

>  The  quantity  =-^  +  jrfr>  '"  '"  f «*  »tlier  gre»ter  than  — ;  tor  in  the  firrt  place,  m 
have  tak«ii  a«  B  w  equkt  to  niuty,  and  in  the  ncond  pUoe  we  h»ve  ueumsd  tliat  the  actail 
denatioD  a  eqnkl  to  the  minimum  deviation  — .  Conecting  theoe  inexact  MBumptioiw, 
we  see  that  ^j-_  +igrf  "  ^^'^J  equal  to  a  quantity  nther  greater  than  _,  multiplied  by 

am  9,  which  ii  alio  rather  greater  than  unity.     The  effective  focal  length  ii  thsrefote 
rather  leei  tor  obliqae  than  for  direct  peneils. 


applies  both  to  direct  and  oblique  peDcils,  /  denoting  the  prindpti 
focal  length  of  the  lens  (supposed  convex),  and  p,  p'  the  distances  of 
a  pair  of  conjugate  foci  from  the  lens,  on  opposite  sides  of  it  This 
formula  being  identical  with  equation  (&)  of  §  708,  leads  to  mnlii 
similar  to  those  already  deduced  in  the  case  of  concave  mirrorE. 

Ajs  one  focus  advances  from  infinite  distance  to  a  principal  fixas. 
its  conjugate  moves  away  from  the  other  principal  focus  to  infiniK 
distance  on  the  other  side  The  more  distant  focus  is  always  Bovi^ 
more  rapidly  than  the  nearer,  and  the  least  distance  between  tfusi 
is  accordingly  attained  when  they  are  equidistant  from  the  lens;  in 
which  case  the  distance  of  each  of  them  from  the  lens  is  2/,  and  tbor 
distance  from  each  oWier  4/ 

If  either  of  the  distances,  as  j3,  is  less  than  /,  the  formula  abon 

that  the  other  distance  p'  is  negativa     The  meaning  is  that  tlie  tvo 

foci    are   on   the  saiu 

side  of  the  lens,  utd  ii 

this   case  one  of  tkn 

(the  more  distant  of  tiw 

two)    must    be  virttal 

For    example,   in  Fig- 

679,  if  S,  S'  are  a  piir 

of  conjugate  foci,  ok 

of  them    S    being  be- 

Kg.nB.-conjogrt.Fod.  oil.  R»i,o«.virt«L  tvee>n     the     prindpal 

focus  F  and   the  k&s, 

rays  Bent  to  the  lens  by  a  luminous  point  at  S,  will,  after  emei^ux. 

diverge  as  if  from  S';  and  rays  coming  ft^m  the  other  side  of  the 

lens,  if  they  converge  to  S'  before  incidence,  will  in  reality  be  nwle 

to  meet  in  S.     As  S  moves  towards  the  lens,  S'  moves  in  the  sanu 

direction  more  rapidly ;  and  they  become  coincident  at  the  sm&ee 

of  the  lens.     The  formula  in  fact  shows  that  if  -  is  very  great  n 

comparison  with  y'  and  positive,  -;  must  be  very  great  and  negative: 

that  is  to  say,  if  p  is  a  very  small  positive  quantity,  p'  i&t,  very  snuB 

negative  quantity. 

743.  Formation  of  Real  Ima^s. — Let  A  B  (Fig.  680)  be  an  object 
in  front  of  a  lens,  at  a  distance  exceeding  the  principal  focal  length. 
It  will  have  a  real  image  on  the  other  side  of  the  lens.  To  deter- 
mine the  position  of  the  image  by  construction,  draw  tbroo^  any 
point  A  of  the  object  a  line  parallel  to  the  principal  axi^  i 
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the  lens  in  A'.  The  ray  represeoted  by  this  line  will,  after  refrac- 
tioD,  pass  through  the  principal  focus  F;  and  its  intersection  with 
the  secondary  axis  A  O 
determines  the  position 
of  a,  the  focus  conju- 
gate to  A.  We  can  in 
like  manDer  determine 
the  position  of  b,  the 
focus  conjugate  to  B, 
another  point  of  the 
ol^ect;  and  the  joining 

line  a  6  will   then  be  FEg.m-R«i«.dDi»i-i.h«iin»^ 

the  image  of  the  line 

AB.     It  is  evident  that  if  a  6  were  the  object,  AB  would  be  the 
imaga 

Figs.  680,  681  represent  the  cases  in  which  the  distance  of  the 
object  is  respectively  greater  and  less  than  twice  the  focal  length  of 
the  lens. 

In  each  case  it  ia  evident  that  ^y  =  oo  ^p"  "'" "'®  Iv'^'^i' dimensions 
of  object  and    vmage 
are   directly  as   their 
distarvxa  from,  the  cen- 
tre of  th^  lens. 

Again,  since  FO  is 
parallel  to  a  side  of  the 
triangle  a  A' A,  we  have 

OA  ^  FA^  ^     / 

0«  P»  J)'-/  Fig.  Mi.— Raul  Md  ¥iignf»*l  1i™B«- 

And  by  making  a  similar  construction  with  respect  to  the  other 
principal  focus,  we  can  prove  that 


We  have  therefore 


ab  f  p'-J 


/denoting  the  focal  length  of  the  lens,  and  p,jj'the  distances  of 
A  B,  a  b  respectively  trom  the  lens. 
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748.  Example. — ^A  straight  line  25"^  long  is  placed  perpendi- 
cularly on  the  axis,  at  a  distance  of  35  centimetres  from  a  lens  of 
15  centimetres'  focal  length ;  what  are  the  position  and  magnitude  of 
the  image? 

To  determine  the  distance  'p'  we  have 

i  +  JL^i;  whence  i>'=^*—^'^=26i<». 
86     J)'     16'  ^     85-16      ^ 

For  the  length  of  the  image  we  have 

26  -■^=  25-l^=18J"«- 
i)-/         86-16        * 

743a.  Image  on  Cross-wires. — The  position  of  a  real  image  seen  in 
mid-air  can  be  tested  by  means  of  a  cross  of  threads,  or  other  con- 
venient mark,  so  arranged  that  it  can  be  fixed  at  any  required  point 
The  observer  must  fix  this  cross  so  that  it  appears  approximatelj  to 
coincide  with  a  selected  point  of  the  imaga  He  must  then  tzj 
whether  any  relative  displacement  of  the  two  occurs  on  shifting  his 
eye  to  one  side.  If  so,  the  cross  must  be  pushed  nearer  to  the  \atL 
or  drawn  back,  according  to  the  nature  of  the  observed  displaoaneal 
which  follows  the  general  rule  of  parallactic  displacement,  that  ik 
more  distant  object  is  displaced  in  the  same  direction  as  the  ob- 
servers eye.  The  cross  may  thus  be  brought  into  exact  coincidaioe 
with  the  selected  point  of  the  image,  so  as  to  remain  in  apparent 
coincidence  with  it  from  all  possible  points  of  view.  When  this 
coincidence  has  been  attained,  the  cross  is  at  the  focus  ooTijugaie  to 
that  which  is  occupied  by  the  selected  point  of  the  object 

By  employing  two  crosses  of  threads,  one  to  serve  as  object^  and 
the  other  to  mark  the  position  of  the  image,  it  is  easy  to  verify  the 
fact  that  when  the  second  cross  coincides  with  the  image  of  the  finst 
the  first  cross  also  coincides  with  the  image  of  the  second 

744.  Aberration  of  Lenses. — In  the  investigations  of  §§  739,  740,  we 
made  several  assumptions  which  were  only  approximately  tnia  The 
rays  which  proceed  from  a  luminous  point  to  a  lens  are  in  fact  n(K 
accurately  refracted  to  one  point,  but  touch  a  curved  sur&ce  called 
a  caustia  The  cusp  of  this  caustic  is  the  conjugate  focus;,  and  is  the 
point  at  which  the  greatest  concentration  of  light  occurs.  It  is 
accordingly  the  place  where  a  screen  must  be  set  to  obtain  the 
brightest  and  most  distinct  image.     Rays  from  the  central  parts  of 
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the  lens  paaa  very  nearly  throngh  it;  but  rays  from  the  circumfeo'eD- 
tial  portions  fell  short  of  it  This  departure  from  exact  concurrence 
is  called  spherical  aberration.  The  dLstinctness  of  an  image  on  a 
screen  is  improved  by  employing  an  annular  diaphragm  to  cut  off 
all  except  the  central  rays ;  but  the  brightness  is  of  course  diminished. 

By  holding  a  convex  lens  in  a  position  very  oblique  to  the  incident 
light,  a  primary  and  secondaiy  focal  line  can  be  exhibited  on  a  screen, 
just  as  in  the  case  of  concave  mirrors  (§  714>A).  The  experiment, 
however,  is  rather  more  difficult  of  performance. 

745,  Virtual  Images. 
— Let  an  object  A  B  be 
placed  between  a  con- 
vex lens  and  its  prin- 
cipal focus.  Then  the 
foci  conjugate  to  the 
points  A,  B  are  virtual, 
and  their  positions  can 
be  found  by  construc- 
tion from  the  consid-  b,.  «8t-virti«i  im^- fo™-!  bj  c™™  l™. 
eration        that       rays 

through  A,  B,  parallel  to  the  principal  axis,  will  be  refracted  to  F, 
the  principal  focus  on  the  other  side.  These  refracted  rays,  if  pro- 
duced backward,  must  meet  the  secondary  axes  OA,  OB  in  the 
required  points.  An  eye  placed  on  the  other  side  of  the  lens  will 
accordingly  see  a  virtual  image  erect,  magnified,  and  at  a  greater 
distance  from  the  lens  than  the  object.  This  is  the  principle  of  the 
simple  microscope.  The  formula  for  the  distances  D,  d  of  object  and 
image  from  the  lens,  when  both  are  on  the  same  side,  is 


(11) 


/denoting  the  principal  focal  length. 

746.  Concave  Lena. — For  a  concave  lens,  if  the  focal  length  be  still 
regarded  as  positive,  and  denoted  by  /,  and  if  the  distances  D,  d  be 
on  the  same  side  of  the  lens,  the  formula  becomes 

L  -  L  =  L,  (IS) 

which  shows  that  d  is  always  less  than  D ;  that  ia,  the  image  is  nearer 
to  the  lens  than  the  object 


In  Fig.  683,  A  B  is  the  object,  and  a  b  the  imi^a     Bays  incident 
from  A  and  B  parallel  to  the  principal  axis  will  emei^  as  if  they 
came  from  the  principal  focus  F.     Hence  the  points  a,  b  are  deter- 
mined by  the  intersectiona  of  the  dotted  lines  in  the  figure  with  iht 
secondary    axes  Oi. 
0  Bl     An  eye  on  fit 
other  side  of  the  lens 
sees    the     image  <i!i, 
which  is   always  Tit- 
tual,  erect  and  dlmiE- 
I   ished. 

747.    yocometer.- 
I  SilbennaDu's  focomet- 

Pif.«3S.-TlrtialHMi.fonn«lbjCon««LBiu.  *''  V^^'S"  ^^*)   »  """■ 

strument  for  meaair- 
ing  the  focal  lengths  of  convex  lenses,  and  is  based  oq  the  priodiiie 
(§  74)1))  that  when  the  object  and  its  image  are  equidistant  from  tin 
lens,  their  distance  from  each  other  is  four  times  the  focal  lengtk  it 
consists  of  a  graduated  rule  carrying  three  runners  M,  L,  M'.  Ik 
middle  one  L  is  the  support  for  the  lena  which  is  to  be  ezuDioed; 
the  other  two,  M,  M',  contain  two  thin  plates  of  horn  or  other  trasi- 
lucent  material,  ruled  with  lines,  which  are  at  the  sajne  distascc 
apart  in  both.  The  eliders  must  be  adjusted  until  the  image  of  oa 
of  these  plates  is  thrown  upon  the  other   plate,   without  enJa^ 
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ment  or  diminution,  as  tested  by  the  coincidence  of  the  ruled  lines 
of  the  image  with  those  of  the  plate  on  which  it  is  cast.     The  dis- 
tance between  M  and  M'  is  then  read  off,  and  divided  by  4i. 
747  a.  Befraction  at  a  Single  Spheric^  Surface. — When  the  boand- 
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ing  surface  between  two  media  ia  a  portion  of  a  sphere,  the  positions 
of  conjugate  foci  relative  to  this  sur&ce  are  given  by  the  equation 

^  -  1  =  +J^^-,  (13) 

P       P        -     r 

where  p  and  p'  denote  the  distances  of  object  and  image  from  the 
surface,  both  on  the  same  side,  r  is  the  radius  of  curvature,  and  />  the 
index  of  refraction,  which  is  greater  or  less  than  unity  according  as 
the  incidence  is  from  rare  to  dense,  or  from  dense  to  rare.  The  vpper 
or  lower  sign  is  to  be  taken  according  as  the  surface  is  concave  or 
convex  towards  the  incident  light. 

By  making  p  infinite  we  see  that  tlie  principal  focus  is  at  a  dis- 
tance ^  from  the  surface.    When,  as  in  the  cornea  of  the  human  eye. 


the  surface  is  convex  towards  the  incident  light,  and  the  incidence 
is  from  rare  to  dense,  the  refracted  rays  are  more  convergent  than 
the  incident  rays,  but  are  not  so  convergent  as  if  they  had  been 
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re&acted  through  a  plano-convex  lens  of  the  same  convexity.    Tbe 

focal  length  of  auch  a  lens  would,  in  tact,  be  only  -^. 

748.  Camera  Obscora. — The  images  obtained  by  means  of  a  bole  in 
the  shutter  of  a  dark  room  (§  683)  become  sharper  as  the  size  of  tbe 
hole  is  diminished;  but  this  diminution  in- 
volves loss  of  light,  so  that  it  is  impossible  by 
this  method  to  obtain  an  image  at  once  bright 
and  sharp.  This  difficulty  can  be  overcome 
by  employing  a  lens.  If  the  objects  in  the 
external  landscape  depicted  are  all  at  distances 
many  times  greater  than  tbe  focal  length  of  '  j  [ 

the  lens,  their  images  will  all  be  formed  at  1 1  1 

sensibly  the  same  distance  from  the  lens,  and  1 1 

may  be  received  upon  a  screen  placed  at  this  j( 


^^^» 

^H^ 


distance. 

The  images 

thus       ob- 

tained  are 

inverted,    p^M._oi.i^„^cm^ 

and  are  of 

the   same    size   as   if   a  nmflf 

(aperture  were  employed  inslesii 
of  a  lena  This  is  tiie  principle 
of  the  camera  (^tacuTa,  one  foni 
of  which  is  represented  in  Elg  S&S. 
It  is  a  kind  of  teot  surnnwled 
by  opaque  curtains,  and  having 
at  its  top  a  revolving  lantem, 
containing  a  lens  with  its  uis 
horizontal,  and  a  mirror  pUctd 
behind  it  at  a  slope  of  45*,  to  re- 
flect tbe  toinsmitted  light  down- 
wards on  to  a  sheet  of  white  ff^pa 
lying  on  the  top  of  a  tabla  Im- 
ages of  external  objects  are  thus 
Fig.  18T  -Photomphio  Omta.  depleted  on  the  paper,  and  thar 

outlines  eaa  be  traced  with  > 
pen(»l  if  desired.  It  ia  still  better  to  combine  lens  and  mirror  in 
one,  by  the  arrangement  represented  in  section  in  f7g.  686.     B>p 
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from  external  objects  are  first  re&acted  at  a  convex  surfjAcey  then 
totally  reflected  at  the  back  of  the  lens,  which  is  plane,  and  finally 
emerge  through  the  bottom  of  the  lens,  which  is  concave,  but  with 
a  larger  radius  of  curvature  than  the  first  surfsuse.  The  two  refrac- 
tions produce  the  efi'ect  of  a  converging  meniscus.  The  instrument 
is  now  only  employed  for  purposes  of  amusement. 

749.  Photographic  Camera. — ^The  camera  obscura  employed  by 
photographers  (Fig.  687)  is  a  box  MN  with  a  tube  AB  in  front, 
containing  an  object-glass  at  its  extremity.  The  object-glass  is 
usually  compound,  consisting  of  two  single  lenses  £,  L,  an  arrange- 
ment which  is  very  commonly  adopted  in  optical  instruments,  and 
which  has  the  advantage  of  giving  the  same  effective  focal  length  as 
a  single  lens  of  smaller  radius  of  curvature,  while  it  permits  the 
employment  of  a  larger  aperture,  and  consequently  gives  more  light. 
At  G  is  a  slide  of  ground  glass,  on  which  the  image  of  the  scene  to 
be  depicted  is  thrown,  in  setting  the  instrument  The  focussing  is 
performed  in  the  first  place  by  sliding  the  part  M  of  the  box  in  the 
part  N,  and  finally  by  the  pinion  Y  which  moves  the  lens.  When 
the  image  has  thus  been  rendered  as  sharp  as  possible,  the  sensitized 
plate  is  substituted  for  the  ground  glass.^ 

'  The  photogiaphic  prooesBes  at  present  in  use  are  very  y&nous,  both  optically  and 
chemicaUy;  but  are  all  the  aame  in  principle  with  the  method  originally  employed  by 
Talbot.  This  method,  which  was  almost  forgotten  during  the  great  success  of  Dagaene, 
consista  in  first  obtaining,  on  a  transparent  plate,  a  picture  with  lights  and  shades  reyersed, 
called  a  negaUve;  then  placing  this  upon  a  piece  of  paper  sensitized  with  chloride  of  silver, 
and  exposing  it  to  the  sun's  rays.  The  light  parts  of  the  negative  allow  the  light  to  pass 
and  blacken  the  paper,  thus  producing  a  positive  picture.  The  same  negative  serves  for 
producing  a  great  number  of  positives. 

The  negative  plate  is  usually  a  glass  plate  covered  with  a  film  of  collodion  (sometimes 
of  albumen),  sensitized  by  a  salt  of  silver.  The  following  is  one  of  the  numerous  formul» 
for  this  preparation.    Take 

Sulphuric  ether, 800  grammes 

Alcohol  at  40** 200        „ 

Gun  cotton,       5        „ 

Incorporate  these  ingredients  thoroughly  in  a  porcelain  mortar;  then  add 

Iodide  of  potassium, 18  grammes 

Iodide  of  ammonium, 1'75   „ 

Iodide  of  cadmium, 1*75   „ 

Bromide  of  cadmium, 1*25   „ 

This  mixture  is  poured  over  the  plate,  which  is  then  immersed  in  a  solution  (10  per  cent; 


344 


LENSES. 


760.  Use  of  Lenses  for  Purposes  of  Prcgeetioii. — ^Lenses  are  exten- 
sively employed  in  the  lecture-room,  for  rendering  experiments  vidble 
to  a  whole  audience  at  once,  by  projecting  them  on  a  screen.  The 
arrangements  vary  according  to  the  circumstances  of  each  esse,  and 
cannot  be  included  in  a  general  description. 

751.  Solar  Microscope.  Magic  Lantern. — In  the  solar  microscope  a 
convex  lens  of  short  focaJ  length  is  employed  to  throw  upon  a  scnen 
a  highly-magnified  image  of  a  small  object  placed  a  little  beyond  the 
principal  focua     As  the  image  is  always  much  less  bright  than 


Fig.  088.— Solar  MionMOope. 

object,  and  the  more  so  as  the  magnification  is  greater,  it  is  neoessur 
that  the  object  should  be  very  highly  illuminated.  For  this  purpose 
the  rays  of  the  sun  are  directed  upon  it  by  means  of  a  minor  td 
large  lens ;  the  latter  serving  to  increase  the  solid  angle  of  the  oooe 
of  rays  which  fall  upon  the  object,  and  thus  to  enable  a  laiger  por- 
tion of  the  magnifying  lens  to  be  utilized.  The  objects  magnified 
are  always  transparent;  and  the  images  are  formed  by  rays  which 
have  been  transmitted  through  them. 

strong)  of  nitrate  of  silver,  llie  film  of  coUodion  is  thus  brought  to  an  opal  tm^  and  Ae 
plate,  after  being  allowed  to  drain,  is  ready  for  exposure  in  the  camera. 

After  being  exposed^  the  picture  is  developed,  by  the  application  of  a  liquid  far  wbidiifaB 
following  is  a  formula; 

Distilled  water, 250  grammes.  i 

Pyrogallic  acid, 1        „ 

Crystallizable  acetic  acid, 20        „ 

When  the  picture  is  sufficiently  developed,  it  is  fixed^  by  the  applicstioa  of  a  lofaitKak 
either  of  hyposulphite  of  soda  from  25  to  80  per  cent,  strong,  or  of  cyanide  of  poUsaiB 
8  per  cent,  strong,  and  the  negative  is  completed. 

To  obtain  a  positive,  the  negative  plate  is  laid  upon  a  sheet  of  paper  in  a  ffam  ^  ^ 
paper  having  been  sensitized  by  immersing  it  first  in  a  solution  of  <^«w»ifinw  sea-nlft  3*4 
per  cent,  strong,  and  then  in  a  solution  of  nitrate  of  silver  18  per  cent,  strong.  The  s^hsbi 
is  continued  till  the  tone  is  sufficiently  deep,  the  tint  is  then  improved  by  Tunnmirf  a  9Jt<tf 
gold,  and  the  picture  is  fixed  by  hyposulphite  of  soda.  It  has  then  only  to  be 
dried.— D. 
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The  lens  employed  for  producing  the  unage  is  usually  compound, 
consistiDg  of  a  convex  and  a  concare  lens  combined. 

The  electric  light  can  be  employed  instead  of  the  sun.  The 
apparatus  for  regulating  this  light  is  usually  placed  within  a  lantem 
(Fig.  689),  in  such  a  position  that  the  light  is  at  the  centre  of  curva- 
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ture  of  a  spherical  mirror,  so  that  the  inverted  image  of  the  light 
coincides  with  the  light  itself.  The  light  is  concentrated  on  the 
object  by  a  system  of  lenses,  and,  afler  passing  through  the  object, 
traverses  another  system  of  lenses,  placed  at  such  a  distance  &om  the 
object  as  to  throw  a  highly-magnified  image  of  it  on  a  screen.  The 
whole  arrangement  is  called  the  electric  or  photo-electric  microBcope. 
The  magic  lantern  is  a  rougher  instrument  of  the  same  kind, 
employed  for  projecting  magnified  images  of  transparent  pfuntinga, 
executed  on  glass  slides.  It  has  one  lens  for  converging  a  beam  of 
light  on  the  slide,  and  another  for  throwing  an  image  of  the  slide  on 
the  screen.    In  all  these  cases  the  image  is  inverted. 
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762.  DeBCription  of  the  Eye. — Tlie  human  eye  (Fig.  690)  is  a  nnrij 
spherical  ball,  capable  of  turning  in  any  direction  in  its  Bocket  Ite 
outermost  coat  is  thick  and  horny,  and  is  opaque  except  in  itf 


anterior  portion.  Its  opaque  portioa  H  is  called  the  scUrolioi, « 
in  common  language  the  white  of  the  eye.  Its  transparent  portionA 
is  called  the  cornea,  and  has  the  shape  of  a  very  convex  wateh-gl»*- 
Behind  the  cornea  is  a  diaphragm  D,  of  annular  form,  called  the  in* 
It  is  coloured  and  opaque,  and  the  circular  aperture  C  in  its  coitR 
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is  called  the  pupU.  By  the  action  of  the  involuntary  muscles  of  the 
iris,  this  aperture  is  enlarged  or  contracted  on  exposure  to  darkness 
or  light  The  colour  of  the  iris  is  what  is  referred  to  when  we  speak 
of  the  colour  of  a  person's  eyes.  Behind  the  pupil  is  the  crystallvne 
lens  E,  which  has  greater  convexity  at  back  than  in  front.  It  is 
built  up  of  layers  or  shells,  increasing  in  density  inwards.  This 
latter  circumstance  tends  to  diminish  spherical  aberration,  the  effect 
of  which,  in  an  ordinary  lens,  is  to  make  rays  which  pass  near  the 
outside  too  convergent,  as  compared  with  those  which  pass  near  the 
axia  The  cavity  B  between  the  cornea  and  the  crystalline  is  called 
the  anterior  chamber,  and  is  filled  with  a  watery  Uquid  called  the 
aqueous  ha/mour.  The  much  larger  cavity  L,  behind  the  crystalline, 
is  called  the  posterior  chamber,  and  is  filled  with  a  transparent  jelly 
called  the  vitreous  humour,  inclosed  in  a  very  thin  transparent 
membrane  fthe  hyaloid  membrane).  The  posterior  chamber  is  in- 
closed, except  in  front,  by  the  choroid  coat  or  uvea  I,  which  is 
saturated  with  an  intensely  black  and  opaque  mucus,  called  the 
pigmentum  nigrum.  The  choroid  is  lined,  except  in  its  anterior 
portion,  with  another  membrane  K,  called  the  retina,  which  is  tra« 
versed  by  a  ramified  system  of  nerve  filaments  diverging  from  the 
optic  nerve  M.  Light  incident  on  the  retina  gives  rise  to  the  sensa- 
tion of  vision ;  and  there  is  no  other  part  of  the  eye  which  possesses 
this  property. 

75S.  The  Eye  as  an  Optical  Instmment. — It  is  clear,  from  the  above 
description,  that  a  pencil  of  rays  entering  the  eye  from  an  external 
point  will  undergo  a  series  of  refractions,  first  at  the  anterior  surface 
of  the  cornea,  and  afterwards  in  the  successive  layers  of  the  crystal- 
line lens,  all  tending  to  render  them  convergent  (see  table  of  indices, 
§  724).  A  real  and  inverted  image  is  thus  formed  of  any  external 
object  to  which  the  eye  is  directed.  If  this  image  falls  on  the  retina, 
the  object  is  seen ;  and  if  the  image  thus  formed  on  the  retina  is 
sharp  and  sufficiently  luminous,  the  object  is  seen  distinctly. 

754.  Adaptation  to  Different  Distances. — ^As  the  distance  of  an 
image  frY>m  a  lens  varies  with  the  distance  of  the  object,  it  would 
only  be  possible  to  see  objects  distinctly  at  one  particular  distance, 
were  there  not  special  means  of  adaptation  in  the  eye.  Persons 
whose  sight  is  not  defective  can  see  objects  in  good  definition  at  all 
distances  exceeding  a  certain  limit.  When  we  wish  to  examine  the 
minute  details  of  an  object  to  the  greatest  advantage,  we  hold  it 
at  a  particular  distance,  which  varies  in  different  individuals,  and 
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averages  aboat  eight  inches.  As  we  move  it  farther  away,  we 
experience  rather  more  ease  in  looking  at  it,  though  the  diminntion 
of  its  apparent  size,  as  measured  by  the  visual  angle,  renden  ita 
minuter  features  less  visible.  On  the  other  hand,  when  we  bring  it 
nearer  to  the  eye  than  the  distance  which  gives  tbe  best  view,  le 
cannot  see  it  distinctly  without  more  or  less  effort  and  sense  of  straifl: 
and  when  we  have  brought  it  nearer  than  a  certain  lower  limit 
(averaging  about  six  inches),  we  find  distinct  vision  no  longer  pos- 
sible. In  looking  at  very  distant  objects,  if  our  vision  is  not  defw- 
tive,  we.  have  very  little  sense  of  effort.  These  phenomena  m  in 
accordance  with  the  theory  of  lenses,  which  shows  that  when  tbe 
distance  of  an  object  is  a  large  multiple  of  the  focal  length  of  the 
lens,  any  further  increase,  even  up  to  infinity,  scarcely  alters  tbe 
distance  of  the  image ;  but  that,  when  the  object  is  compantivdT 
near,  the  effect  of  any  change  of  its  distance  is  considerabla  There 
has  been  much  discussion  among  physiologists  as  to  the  predaesatore 
of  the  changes  by  which  we  adapt  our  eyes  to  distinct  vision  at  dif- 
ferent distancea  Such  adaptation  might  consist  either  in  a  daitse 
of  focal  length,  or  in  a  change  of  distance  of  the  retina.  Obson- 
tions  in  which  the  eye  of  the  patient  is  made  to  serve  as  a  miiror. 
giving  images  by  reflection  at  the  front  of  the  cornea,  and  at  tk 
front  and  back  of  the  crystalline,  have  shown  that  the  convexjtri 
the  firont  of  the  crystalline  is  materially  changed  as  the  patient  adafite 
his  eye  to  near  or  remote  vision,  the  convexity  being  greatest  k 
near  vision.  This  increase  of  convexity  corresponds  to  a  shortening  ^ 
focal  length,  and  is  thus  consistent  with  theory. 

765.  Binocular  Vision. — ^The  difficulty  which  some  persons  b&ve 
felt  in  reconciling  the  fact  of  an  inverted  image  on  the  retina  ^th 
the  perception  of  an  object  in  its  true  position,  is  altogether  &ndfal 
and  arises  from  confused  notions  as  to  the  nature  of  perception. 

The  question  as  to  how  it  is  that  we  see  objects  single  with  tvo 
eyes,  rests  upon  a  different  footing,  and  is  not  to  be  altogether  es* 
plained  by  habit  and  association.^  To  each  point  in  the  retina  dc^^ 
eye  there  is  a  corresponding  point,  similarly  situated,  in  the  otber. 
An  impression  produced  on  one  of  these  points  is,  in  ordinaiy  cir- 
cumstances, undistinguishable  from  a  similar  impression  produced  on 
the  other,  and  when  both  at  once  are  similarly  impressed,  the  efet 
is  simply  more  intense  than  if  one  were  impressed  alone;  or,  to 

^  Binocular  yision  is  a  subject  which  has  been  much  debated.    For  the  aocouit  ho* 
given  of  it,  the  Editor  is  alone  responsible. 
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describe  the  same  phenomena  subjectively,  we  have  only  one  field 
of  view  for  our  two  eyes,  and  in  any  part  of  this  field  of  view  we  see 
either  one  image,  brighter  than  we  should  see  it  by  one  alone,  or  else 
we  see  two  overlapping  images.  This  latter  phenomenon  can  be 
readily  illustrated  by  holding  up  a  finger  between  one's  eyes  and  a 
wall,  and  looking  at  the  wall  We  shall  see,  as  it  were,  two  trans- 
parent fingers  projected  on  the  walL  One  of  these  transparent 
fingers  is  in  fact  seen  by  the  right  eye,  and  the  other  by  the  left^  but 
our  visual  sensations  do  not  directly  inform  us  which  of  them  is  seen 
by  the  right  eye,  and  which  by  the  left. 

The  principal  advantage  of  having  two  eyes  is  in  the  estimation 
of  distance,  and  the  perception  of  relief  In  order  to  see  a  point  as 
single  by  two  eyes,  we  must  make  its  two  images  fall  on  correspond- 
ing points  of  the  retinse;  and  this  implies  a  greater  or  less  converg- 
ence of  the  optic  axes  according  as  the  object  is  nearer  or  more  remote. 
We  are  thus  furnished  with  a  direct  indication  of  the  distance  of  the 
object  from  our  eyes;  and  this  indication  is  much  more  precise  than 
that  derived  from  the  adjustment  of  their  focal' length. 

In  judging  of  the  comparative  distances  of  two  points  which  lie 
nearly  in  the  same  direction,  we  are  greatly  aided  by  the  parallactic 
displacement  which  occurs  when  we  change  our  own  position. 

We  can  also  form  an  estimate  of  the  nearness  of  an  object,  from 
the  amount  of  change  in  its  apparent  size,  contour,  and  bearing,  pro- 
duced by  shifting  our  position.  This  would  seem  to  be  the  readiest 
means  by  which  very  young  animals  can  distinguish  near  from 
remote  objects. 

756.  Stereoscope. — ^The  perception  of  relief  is  closely  connected 
with  the  doubleness  of  vision  which  occurs  when  the  images  on 
corresponding  portions  of  the  two  retinse  are  not  similar.  In  survey- 
ing an  object  we  run  our  eyes  rapidly  over  its  surface,  in  such  a  way 
as  always  to  attain  single  vision  of  the  particular  point  to  which  our 
attention  is  for  the  instant  directed.  We  at  the  same  time  receive 
a  somewhat  indistinct  impression  of  all  the  points  within  our  field 
of  view ;  an  impression  which,  when  carefully  analyzed,  is  found  to 
involve  a  large  amount  of  doublenesa  These  various  impressions 
combine  to  give  us  the  perception  of  relief;  that  is  to  say,  oiform  va 
three  dimenaiona. 

The  perception  of  relief  in  binocular  vision  is  admirably  illustrated 
by  the  stereoscope,  an  instrument  which  was  invented  by  Wheatstone, 
and  reduced  to  its  present  more  convenient  form  by  Brewster.    Two 
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figbree  are  drawn,  as  in  Fig.  691 ,  being  perspective  representAtioos  of 
the  same  object  from  two  neighbouriag  points  of  view,  such  as  might 
be  occupied  by  the  two  eyes  in  looking  at  tbe  object  Thos  if  (he 
object  be  a  cube,  the  right  eye  will  hare  a  fuller  view  of  the  ri^t 
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&ce,  and  the  left  eye  of  the  left  &ce.  The  two  pictures  an  plwi 
in  the  right  and  left  compartments  of  a  box,  which  has  a  putitix 
down  the  centre  serving  to  insure  that  each  eye  shall  see  iwlj  tbt 
picture  intended  for  it ;  and  over  each  of  the  ccanpartmente  ■  ^■ 
lens  is  fixed,  serving,  as  in  Fig.  693,  not  only  to  magnify  tbe  picture, 
but  at  the  same  time  to  displace  it,  so  that  tbe  two  virtual  imige 
are  brought  into  approximate  coincidenc&  Stereoscopic  [Hctnie 
are  usually  photographs  obtained  by  means  of  a  double  c>iiMfl> 
having  two  objectives,  one  beaide  the  other,  which  play  the  put 
of  two  eyes. 

When  matters  are  properly  arranged,  the  observer  seems  to  set 
the  object  in  relief  He  finds  himself  able  to  obtain  sin^e  viev  ol 
any  one  point  of  the  solid  image  which  is  before  him ;  and  the  adjo^ 
ments  of  the  optic  axes  which  he  finds  it  neceesaiy  to  make,  in  shift- 
ing his  view  from  one  point  of  it  to  another,  are  exactly  sad  *i 
would  be  required  in  looking  at  a  solid  object. 

When  one  compartment  of  the  stereoscope  is  empty,  and  Hx  otte 
contains  an  object,  an  observer,  of  normal  vision,  looking  ia  in  tlie 
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ordinary  way,  is  unable  to  say  which  eye  sees  the  object  If  two 
pictures  are  combined^  consisting  of  two  equal  circles,  one  of  them 
liaving  a  cross  in  its  centre,  and  the  other  not,  he  is  unable  to  decide 
whether  he  sees  the  cross  with  one  eye  or  both. 

When  two  entirely  dissimilar  pictures  are  placed  in  the  two  com- 
partments, they  compete  for  mastery,  each  of  them  in  turn  becoming 
more  conspicuous  than  the  other,  in  spite  of  any  efforts  which  the 
observer  may  make  to  the  contrary.  A  similar  fluctuation  will  be 
observed  on  looking  steadily  at  a  real  object  which  is  partially  hidden 
from  one  eye  by  an  intervening  object  This  tendency  to  alternate 
preponderance  renders  it  weU  nigh  impossible  to  combine  two  colours 
by  placing  one  under  each  eye  in  the  stereoscopa 

The  immediate  visual  impression,  when  we  look  either  at  a  real 
solid  object,  or  at  the  apparently  solid  object  formed  by  properly 
combining  a  pair  of  stereoscopic  views,  is  a  single  picture  formed  of 
two  slightly  different  pictures  superimposed  upon  each  other.  The 
coincidence  becomes  exact  at  any  point  to  which  attention  is  directed, 
and  to  which  the  optic  axes  are  accordingly  made  to  converge,  but  in 
the  greater  part  of  the  combined  picture  there  is  a  want  of  coin* 
cidence,  which  can  easily  be  det^^ted  by  a  collateral  exercise  of 
attention.  The  fluctuation  above  described  to  some  extent  tends  to 
conceal  this  doubleness ;  and  in  looking  at  a  real  solid  object,  the 
conceaknent  is  further  assisted  by  the  blurring  of  parts  which  are 
out  of  focus. 

757.  Visual  Angle.  Magnifying  Power. — The  angle  which  a  given 
straight  line  subtends  at  the  eye  is  called  its  visual  cmgle,  or  the 
angle  under  which  it  ie  seen.  This  angle  is  the  measure  of  the 
length  of  the  image  of  the  straight  line  on  the  retina  Two  discs 
at  different  distances  from  the  eye,  are  said  to  have  the  same  apparent 
size,  if  their  diameters  are  seen  under  equal  angle&  This  is  the  con- 
dition that  the  nearer  disc,  if  interposed  between  the  eye  and  the 
remoter  disc,  should  be  just  large  enough  to  conceal  it  from  view. 

The  angle  under  which  a  given  line  is  seen,  evidently  depends  not 
only  on  its  real  length,  and  the  direction  in  which  it  points,  but  also 
on  its  distance  from  the  eye ;  and  varies,  in  the  case  of  small  visual 
angles,  in  the  inverse  ratio  of  this  distance.  The  apparent  length  of 
a  straight  line  may  be  regarded  as  measured  by  the  visual  angle 
which  it  subtends. 

By  the  magnifying  power  of  an  optical  instrument,  is  usually 
meant  the  ratio  in  which  it  increases  apparent  lengths  in  this  sense. 
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In  the  case  of  telescopes,  the  comparison  is  between  an  object  as 
seen  in  the  telescope,  and  the  same  object  as  seen  with  the  naked 
eye  at  its  actual  distance.  In  the  case  of  microscopes,  the  compari- 
son is  between  the  object  as  seen  in  the  instmment,  and  tiie  sane 
object  as  seen  by  the  naked  eye  at  the  least  distance  of  diatisa 
vision,  which  is  usually  assumed  as  10  inches. 

But  two  discs,  whose  diameters  subtend  the  same  angle  at  ihe  eve. 
may  be  said  to  have  the  same  apparent  area;  and  since  the  aieasof 
similar  figures  are  as  the  squares  of  their  linear  dimensioDS,  it  is 
evident  that  the  apparent  area  of  an  object  varies  as  the  square  of 
the  visual  angle  subtended  by  its  diameter.  The  number  expressing 
magnification  of  apparent  area  is  therefore  the  square  of  ihe  mag- 
nifying power  as  above  defined.  Frequently,  in  order  to  show  that 
the  comparison  is  not  between  apparent  areas,  but  between  apparent 
lengths,  an  instrument  is  said  to  magnify  so  many  diamOm.  If 
the  diameter  of  a  sphere  subtends  l"*  as  seen  by  the  naked  eye,  iikI 
10^  as  seen  in  a  telescope,  the  telescope  is  said  to  have  a  magnifyisg 
power  of  10  diametera  The  superficial  magnification  in  this  case  is 
evidently  100. 

The  apparent  length  and  apparent  area  of  an  object  are  respect- 
ively proportional  to  the  length  and  area  of  its  image  on  the  retist 

Apparent  length  is  measured  by  the  plane  angle,  and  a{^ni 
area  by  the  solid  angle,  which  an  object  subtends  at  the  eye. 

768.  Spectacles, — Spectacles  are  of  two  kinds,  intended  to  lemedT 
two  opposite  defects  of  vision.  Short-sighted  persons  can  see  objecis 
distinctly  at  a  smaller  distance  than  persons  whose  vifdon  is  nonnal; 
but  always  see  distant  objects  confused.  On  the  other  hand,  penoos 
whose  vision  is  normal  in  their  youth,  usually  become  over-sighted 
with  advancing  years,  so  that,  while  they  can  still  adjust  their  eyes 
correctly  for  distant  vision,  objects  as  near  as  10  or  12  inches  alwajs 
appear  blurred  Spectacles  for  over-sighted  persons  are  convex,  and 
should  be  of  such  focal  length,  that,  when  an  object  is  held  at  about 
10  inches  distance,  its  virtual  image  is  formed  at  the  nearest  dista&oe 
of  distinct  vision  for  the  person  who  is  to  use  them.  This  latter 
distance  must  be  ascertained  by  trial  CaU  it  p  inches;  th^,  I? 
§  745,  the  formula  for  computing  the  required  focal  length  x  ^ 
inches)  is 


1        1^ 

io  ""  p 


— >  • 


For  example,  if  15  inches  is  the  nearest  distance  at  which  the  pezsoo 
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can  conTeniently  read  without  spectacles,  the  focal  length  reqaired 
is  30  inches. 

In  Fig.  69i,  A  represents  the  position  of  a  small  ohject,  and  A' 
that  of  its  virtual  imi^  as  seen  with  spectacles  of  this  kind. 

Over-sight  is  not  the  only  defect  which  the  eye  is  li.ible  to  acquire 


liy  &g€>  bub  it  is  the  defect  which  ordinary  spectacles  are  designed 
to  remedy. 

Spectacles  for  short-sighted  persons  are  concave,  and  the  focal 


Fif.  <»$.— SiKcUda  glw  Ibr  Sb<Rt->ig>itad  Bt«l 


length  which  tliey  ought  to  have,  if  designed  for  reading,  may  be 
computed  by  the  formula 


p  denoting  the  nearest  distance  at  which  the  person  can  read,  and  x 
the  focal  length,  both  in  inchea  If  his  greatest  distance  of  distinct 
vision  exceeds  the  focal  length,  he  will  be  able,  by  means  of  the 
spectacles,  to  obtain  distinct  vision  of  objects  at  all  distances,  from 
10  inches  upwarda 

769.  Simple  Hagnifler. — A  magni/yivg-glasa  is  a  convex  lens,  of 
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shorter  focal  length  than  the  humaa  eye,  and  is  placed  at  a  i^Ebmce 

somewhat  leas  than  its  focal  length  from  the  object  to  be  viewed 

In  Fig.696,a6Utbe 

object,  and  AB  tbe 

virtual  image  whid 
is  seen  by  the  m 
K.  The  constnictioD 
.  which  we  hare  m- 
pbyed  for  dnwiDj 

P.»«.-iiM-i(,i«-«i-.  *'''«  ™*e«  ^  "^^ 

which  we  have  ^et^ 
ral  times  used  before.  Through  the  point  a,  the  line  a  U  is  iitfn 
parallel  to  the  principal  axia  F  M  is  then  drawn  from  the  prindpii 
focus  F ;  0  a  is  drawn  from  the  optical  centre  O ;  and  these  two  iiuK 
are  produced  till  they  meet  in  A. 

Distance  of  lens  from  object  In  order  that  the  image  may  It 
properly  seen,  its  distance  from  the  eye  must  fall  between  the  limit! 
of  distinct  vision )  and  in  order  that  it  may  be  seen  under  tJie  li^ 
possible  visual  angle,  the  eye  must  be  close  to  the  lens,  and  tb 
object  must  be  as  near  as  is  compatible  with  distinct  vision,  ttit 
and  other  interesting  properties  are  established  by  the  followii; 
investigation : — > 

Let  0  denote  the  visual  angle  under  which  the  observer  sees  Ht 
imt^e  of  the  portion  a  c  of  the  object.  Also  let  x  denote  the  distiitR 
«  0  of  the  object  from  the  lens,  and  y  the  distance  O  E  of  the  Ion 
from  the  eye.     Then  we  have 


But,  by  formulae  (10)  and  (11)  of  last  chapter,  we  have 
Substituting  these  values  for  A  C  and  C  0,  and  reducing,  we  have 


This  equation  shows  that,  for  a  given  lens  and  a  given  object,  tkfl 
visual  angle  varies  inversely  as  the  quantity  (aH-^)  f—^Jf- 
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The  following  practical  consequences  are  easily  drawn: — 

(1)  If  the  distance  x+y  of  the  eye  from  the  object  is  given,  the 
visual  angle  increases  as  the  two  distances  x,  y  approach  equality, 
and  is  not  altered  by  interchanging  them. 

(2)  K  one  of  the  two  distances  «,  y  be  given,  and  be  less  than  /, 
the  other  must  be  made  as  small  as  possible,  if  we  wish  to  obtain  the 
largest  possible  visual  angla 

To  obtain  the  absolute  maximum  of  visual  angle,  we  must  select, 
from  the  various  positions  which  make  C  E  equal  to  the  nearest 
distance  of  distinct  vision,  that  which  gives  the  largest  value  of  AC, 
since  the  quotient  of  A  C  by  C  K  is  the  tangent  of  the  visual  angle. 
Now  A  C  increases  as  the  image  moves  further  from  the  lens,  and 
bence  the  absolute  maximum  is  obtained  by  making  its  distance 
from  the  lens  equal  to  the  nearest  distance  of  distinct  vision,  and 
making  the  eye  come  up  dose  to  the  lena     In  this  case  the  distance 

p  of  the  object  from  the  lens  is  given  by  the  equation  r  "g'^y"' 
where  D  denotes  the  nearest  distance  of  distinct  vision,  and  tan  d  is 
^orac  (y +d).     But  the  greatest  angle  under  which  the  body  could 

be  seen  by  the  naked  eye  is  the  angle  whose  tangent  is  ^;  hence  the 

visual  angle  (or  its  tangent)  is  increased  by  the  lens  in  the  ratio 

1  +y,  which  is  called  the  magnifying  power.     If  the  object  were  in 

the  principal  focus,,  and  the  eye  close  to 

the  lens,  the  magnifying  power  would  be  y 

In  either  case,  the  thickness  of  the  lens 
being  neglected,  the  visual  angle  is  the  angle 
which  the  object  subtends  at  the  centre  of 
the  lens,  and  therefore  varies  inversely  as 
the  distance  of  this  centre  from  the  object. 
For  lenses  of  small  focal  length,  the  recipro- 
cal of  the  focal  length  may  be  regarded  as 
proportional  to  the  magnifying  power. 

Simple  Microscope, — By  a  simple  mAcro- 
scope  is  usually  understood  a  lens  mounted 
in.  a  manner  convenient  for  the  examination 
of  small  objects.  Fig.  697  represents  an  instrument  of  this  kind.  The 
Jens  I  ]&  mounted  in  brass,  and  carried  at  the  end  of  an  arm.  It  is 
raised  and  lowered  by  turning  the  miUed  head  V,  which  acts  on  the 


Fig.  097.— Simple  Microioope. 


956  VISION  AND  OPTICAL  IBSTEtnCENTS. 

rack  a.     C  is  the  platfonn  on  which  the  object  is  laid,  and  M  is  » 
concave  mirror,  which  can  be  employed  for  increasing  the  illnmlia- 
tion  of  the  object. 

760.  Compound  Hicroseope. — In  tiie 
compound  microscope,  there  is  one  lens 
which  forms  a  real  and  greaUj  enluged 
image  of  the  object;  and  this  image  b 
itself  minified  by  viewing  it  tbrou^ 
another  Lena. 

In  Fig.  698,  a  6  ia  the  object,  0  is  tiie 
fiiBt  lens,  called  the  objective,  and  a 
placed  at  a  distance  only  slightly  ex- 
ceeding its  focal  length  &om  the  object; 
an  inverted  image  a,  &i  is  thus  fonned, 
at  a  much  greater  distance  on  the  otkr 
side  of  the  lena,  and  proportionallylaiger. 
0'  is  the  second  lens,  called  the  oaikr 
or  eye-piece,  which  is  placed  at  a  dis- 
tance a  little  less  than  ita  focal  length 
from  the  £rst  image  a,  bi,  and  thus  hrm 
an  enlarged  virtual  imase  of  it  A  B,  at 

Fl(.  SOB CmnpouDd  UlcrotoDpo.  ^  ^ 

a  convenient  distance  for  distinct  tisou 
If  we  suppose  the  final  image  A  B  to  be  at  the  least  distanoe  ol 
distinct  vision  from  the  eye  placed  at  O'  (this  being  the  arrangement 
which  gives  the  largest  visual  angle),  the  magnifying  power  will  1* 
simply  the  ratio  of  the  length  of  this  image  to  that  of  the  object  a  i, 
and  will  be  the  product  of  the  two  Ciictors  ^-j-  and  ^^.  The  fonner 
is  the  magnification  produced  by  the  eye-pie^e,  and  is,  as  we  have 
just  shown  (§  759),  1  +  7.  The  other  factor  -^  is  the  maguificttioii 
produced  by  the  objective,  and  is  equal  to  the  ratio  of  the  distances 
Q  ^'.  If  the  objective  is  taken  out^  and  replaced  by  another  of  differ- 
ent focal  length,  the  readjustment  wUl  consist  in  altering  the  dis- 
tance Ofl,  leaving  the  distance  Ooi  unchanged.  The  total  tnagnifi- 
cation  therefore  varies  inversely  as  O  a,  that  is,  nearly  in  the  inyeise 
ratio  of  the  focal  length  of  the  objective.  Compound  microscopes 
are  usually  provided  with  several  objectives,  of  various  focal  lengths, 
from  which  the  observer  makes  a  selection  according  to  the  magni' 
fying  power  which  he  requires  for  the  object  to  be  examined.  The 
powers  most  used  range  from  50  to  350  diameters. 
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The  magnifying  power  of  a  microscope  caD  be  determined  by 

direct  observation,  in  the  following  way.     A  plane  reflector  pierced 

with  a  bole  in  its  centre,  is  placed  directly  over  ibe  eye-piece  (Fig. 

699),  at  an   inclination  of  45°,  and  an- 
other plane  reflector,   or   still   better,   a 

totally  reflecting  prism,  as  in  the  figure, 

is  placed  parallel  to  it  at  the  distance  of 

an  inch  or  two,  ao  that  the  eye,  looking 

down  upon  the  first  mirror,  sees,  by  means 

of  two  successive  reflections,  the  image 

of  a  divided  scale  placed  at  a  distance  of 

8  or  10  inches  below  the  second  reflector. 

In  taking  an  observation,  a  micrometer 

scale  engraved  on  glass,  its  divisions  being 

at  a  known  distance  apart  (say  y^  of  a 

millimetre),  is  placed  in  the  microscope  as 

the  object  to  be  magnified;  and  the  ob- 
server holds  hia  eye  in  such  a  position  that, 

by  means  of  diflerent  parts  of  his  pupil, 

he  sees  at  once  the  magnified  image  of  the 

micrometer  scale  in  the  microscope,  and 
the  reflected  and  unmagnified  image  of  the 

other  Bcala    The  two  images  will  be  super-      ii«mimiHoi'S  i!b|iiii>iDg  Powor 
imposed  in  the  same  field  of  view;  and 

it  is  easy  to  observe  how  many  diviaons  of  the  one  coincide  with 
a  given  number  of  divisions  of  the  other.  Let  the  divisions  on  the 
large  scale  be  millimetres,  and  those  on  the  micrometer  scale  hun- 
dredths of  a  millimetre.  Then  the  magnifying  power  is  100,  if  one  of 
the  magnified  covers  one  of  the  unmagnified  divisions;  and  is  ^-^. 
if  n  of  the  former  cover  N  of  the  latter.  This  is  on  the  assumption 
that  the  large  scale  is  placed  at  the  nearest  distance  of  convenient 
vision.  In  stating  the  minifying  power  of  a  microscope,  this  dis- 
tance is  usually  reckoned  as  10  inches. 

A  short-sighted  person  sees  an  image  in  a  microscope  (whether 
simple  or  compound)  under  a  larger  visual  angle  than  a  person  of 
normal  sight;  but  the  inequality  is  not  so  great  as  in  the  case  of 
objects  seen  by  the  naked  eye.  In  fact,  if  /  be  the  focal  length  of 
the  eye-piece  in  a  compound  microscope,  or  of  the  microscope  itself 
if  simple,  and  D  the  nearest  distance  of  distinct  vision  for  the  oh- 
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server,  the  visual  angle  under  which  the  image  is  seen  in  the  micro- 
scope is  proportional  to  y  +  jj,  the  greatest  visual  angle  for  the  naied 

eje  being  represented  by  g.  Both  these  angles  increase  as  D  dim- 
inishes, but  the  latter  increases  in  a  greater  ratio  than  the  former. 
When  /  is  as  small  as  -^  of  an  inch,  the  visual  angle  in  the  micro- 
scope is  sensibly  the  same  for  short  as  for  normal  sight. 

Before  reading  off  the  divisions  in  the  observation  above  described, 
care  should  be  taken  to  focus  the  microscope  in  such  away,  that  the 
image  of  the  micrometer  scale  is  at  the  same  distance  from  the  eye 
as  the  image  of  the  large  scale  with  which  it  is  compared.  When 
this  is  done,  a  slight  motion  of  the  eye  does  not  displace  one  imige 
with  respect  to  the  other. 

Instead  of  a  single  eye-lens,  it  is  usual  to  employ  two  lenses  sepa- 
rated by  an  interval,  that  which  la  next  the  eye  being  called  the 
eye-glass,  and  the  other  the  field-glass.  This  combination  is  equira- 
lent  to  the  Huyghenian  or  negative  eye-piece  employed  in  telescopes 
(§  800). 

761.  Astronomical  Telescope. — The  astronomical  refracUug  tele- 
scope consists  essenti- 
ally (like  the  com- 
pound microscope)  of 
two  lenses,  one  of 
which  forms  arealsnd 
inverted  image  of  the 
object,  which  is  looked 
at  through  the  other. 
In  Fig  700,  0  is  the 
ng.  7(M.-A««H»mi«ii>i«cT.  objectr-glaas,  which  U 

sometimes  a  foot  or 
more  in  diameter,  and  is  always  of  much  greater  focal  length  than 
the  eye-piece  O'.  The  inverted  image  of  a  distant  object  is  fOTmed 
at  the  principal  focus  F.  This  image  is  represented  at  ofi;  The 
parallel  rays  marked  1,  2  come  from  the  upper  extremity  of  tie 
object,  and  meet  at  a ;  and  the  parallel  rays  3,  4,  from  the  oth» 
extremity,  meet  at  b.  A'  B'  is  the  virtual  image  of  a  6  formed  by  the 
eye-piece.  Its  distance  fi-om  the  eye  can  be  changed  by  pulling  out 
or  pushing  in  the  eye-tube;  and  may  in  practice  have  any  value 
intermediate  between  the  least  distance  of  distinct  vimon  and  infinity, 
the  visual  angle  under  which  it  ie  seen  being  but  slightly  affected  by 
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tbia  adjustment.  Tbe  rays  from  tbe  highest  point  of  the  object 
emei^  from  the  eye-piece  as  a  pencil  diverging  from  A' ;  and  the  rays 
from  the  lowest  point  of  the  object  form  a  pencil  diverging  from  B'. 

Magnification. — The  angle  under  which  the  object  would  be  seen 
by  the  naked  eye  is  a  O  &;  for  the  rays  aO,bO,  if  produced,  would 
pass  through  its  extremitiea  The  angle  under  which  it  ia  seen  in 
the  telescope,  if  the  eye  be  close  to  the  eye-lens,  is  A'  O'  B'  or  a  0'  ft. 

The  magnification  is  therefore  '-qt,  which  is  approximately  the 
same  as  the  ratio  of  the  distances  of  the  image  a  6  from  the  two  lenses 
„_,■     If  the  eye-tube  is  so  adjusted  as  to  throw  the  image  A'E'  to 
infinite  distance,  F  will  be  the  principal  focus  of  both  lenses,  and 
tlie  magnification  is  the  ratio  of  the  focal  length  of  the  object-glass 
to  that  of  the  eye-piece. 
If  the    eye  -  tube    be 
pushed  in  as  far  as  in 
compatible   with    dis- 
tinct vision    (the   eye 
being  close  to  the  lens), 
tbe     magnification    is 
greater  than  this  in  the 
ratio  —^,  D  denoting 
the  nearest  distance  of 
distinct  vision,  and  / 
the  focal  length  of  the 
eye-piece. 

The      magnification  Fig.:o,._ii-«™™trfiug^iB<Fo..r. 

can  be  directly  ob- 
served by  looking  with  one  eye  through  the  telescope  at  a  brick 
wall,  while  the  other  eye  is  kept  open.  The  imi^e  will  thus  be 
superimposed  on  the  actual  wall,  and  we  have  only  to  observe  how 
many  courses  of  the  latter  coincide  with  a  single  course  of  tbe 
magnified  imaga 

If  the  telescope  is  large,  its  tube  may  prevent  the  second  eye  from 
seeing  the  wall,  and  it  may  be  necessary  to  employ  a  reflecting 
urangement,  as  in  Fig.  701,  analogous  to  that  described  in  connec- 
tion with  the  microscope. 

Telescopes  without  stands  seldom  magnify  more  than  about  10 
liameters.     Powers  of  from  20  to  00  are  common  in  telescopes  with 
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Fig.  702.— Astronomioid  Teleioopa. 


stands,  intended  for  terrestrial  parpose&     The  powers  chiefly  em- 
ployed in  astronomical  observation  are  from  100  to  500. 

Mechanical  An^itgementa, — ^The  achromatic  object-glass  0  iasei 
in  a  mounting  which  is  screwed  into  one  end  of  a  strong  brass  tube 

A  A  (Fig.  702).  In  tk 
other  end  slides  a  smaller 
tube  F  containing  the  eje- 
piece  O';  and  bytornii^ 
the  milled  head  Y  in  ooe 
direction  or  the  other,  the 
eye -piece  is  moved  for- 
wards or  backwards. 

Finder.  —  The  smaD 
telescope  I,  which  is  at- 
tached to  the  principal 
telescope,  is  called  a,^ 
er.  This  appendage  is  in- 
dispensable when  tb 
principal  telescope  has  i 
high  magnifying  powff; 
for  a  bigh  magnifyiif 
power  involves  a  small  field  of  view,  and  consequent  difficoltja 
directing  the  telescope  so  as  to  include  a  selected  object  within  its 
range.  The  finder  is  a  telescope  of  large  field ;  and  as  it  is  set  pualkl 
to  the  principal  telescope,  objects  will  be  visible  in  the  hitter  if 
they  are  seen  in  the  centre  of  the  field  of  view  of  the  former. 

762.  Best  Position  for  the  Eye. — ^The  eye-piece  forms  a  real  and 
inverted  image  of  the  object-glass^  at  E  E'  (Fig.  700),  through  whid 
all  rays  transmitted  by  the  telescope  must  of  necessity  pass.  If  the 
telescope  be  directed  to  a  bright  sky,  and  a  piece  of  white  paper  hdd 
behind  the  eye-piece  to  serve  as  a  screen,  a  circular  spot  of  light  wiD 
be  formed  upon  it,  which  will  become  sharply  defined  (and  at  the 
same  time  attain  its  smallest  size)  when  the  screen  is  held  in  the 
correct  position.  This  image  (which  we  shall  call  the  bright  ifif, 
may  be  regarded  as  marking  the  proper  place  for  the  pupil  of  the 
observer's  eye.  Every  ray  which  traverses  the  centre  of  the  object- 
glass  traverses  the  centre  of  this  spot;  every  ray  which  traverees 
the  upper  edge  of  the  object-glass  traverses  the  lower  edge  of  th« 

^  Or  it  may  be  called  an  image  of  the  aperture  whiek  the  objeet-gUutJUlM.    ItRBuint  lO- 
mbly  unchanged  on  removing  the  object-glasB  so  as  to  leave  the  end  of  the  tdesoope  opn 
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epot;  and  any' selected  point  of  the  spot  receives  all  the  rays  which 
have  been  transmitted  by  one  particular  point  of  the  object-glasa 
An  eye  with  its  pupil  anywhere  within  the  limits  of  the  bright  spot, 
will  therefore  see  the  whole  field  of  view  of  the  telescope.  If  the 
epot  and  pupil  are  of  exactly  the  same  size,  they  must  be  made  to  coin- 
cide with  one  another,  as  the  necessary  condition  of  seeing  the  whole 
field  of  view  with  the  brightest  possible  illumination.  Usually  in 
practice  the  spot  is  much  smaller  than  the  pupil,  so  that  these  advan- 
tages can  be  obtained  without  any  nicety  of  adjustment;  but  to 
obtain  the  most  distinct  vision,  the  centre  of  the  pupil  should  coin- 
cide as  closely  as  possible  with  the  centre  of  the  spot  To  facilitate 
this  adjustment^  a  brass  diaphragm,  with  a  hole  in  its  centre,  is 
screwed  into  the  eye-end  of  the  telescope,  the  proper  place  for  the 
eye  being  close  to  this  hole. 

One  method  of  determining  the  magnifying  power  of  a  telescope 
consists  in  measuring  the  diameter  of  the  bright  spot,  and  comparing 
it  with  the  effective  aperture  of  the  object-glass.  In  fact,  let  F  and 
/  denote  the  focal  lengths  of  object-glass  and  eye-piece,  and  a  the  dis- 
tance of  the  spot  from  the  centre  of  the  eye-piece;  then  F-|-/  is  ap- 
proximately the  distance  of  the  object-glass  from  the  same  centre,  and, 

by  the  formula  for  conjugate  focal  distances,  we  have  j.  -^  +  ^=7* 

Multiplying  both  sides  of  this  equation  by  F4/,  and  then  subtract- 

ing  unity,  we  have  "~~7«     But  the  ratio  of  the  diameter  of  the 

"F  +  f  F 

object-glass  to  that  of  its  image  is  —^]  and  y  is  the  usual  formula 

for  the  magnifying  power.  Hence,  the  linear  Tnagnifyi/ng  power  of 
€i  telescope  is  the  ratio  of  tlie  diameter  of  the  object-glaaa  to  that  of 
the  bright  epot 

763.  Terrestrial  Telescope. — ^The  astronomical  telescope  just  de- 
scribed gives  inverted  images.    This  is  no  drawback  in*  astronomical 
observation,  but  would  be  inconvenient  in  viewing  terrestrial  objects. 
In  order  to  re-invert  the  image,  and  thus  make  it  erect,  two  addi- 
tional lenses  O"  O'"  (Fig.  703)   are  introduced  between  the  real 
image  a  h  and  the  eye-lens  0'.     If  the  first  of  these  O''  is  at  the  dis- 
tance of  its  principal  focal  length  from  a  6,  the  pencils  which  fall 
apon  the  second  wUl  be  parallel,  and  an  erect  image  a'  V  will  thus 
be  formed  in  the  principal  focus  of  O"'.    This  image  is  viewed  through 
the  eye-lens  O',  and  the  vii-tual  image  A'  B'  which  is  perceived  by 
the  eye  will  therefore  be  erect    The  two  lenses  0",  O'",  are  usually 

63 
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made  precisely  alike,  in  which  case  the  two  images  ab,<£}i  will  bi 
equal.      In  the  better  class  of  terrestrial  telescopes,  a  difieient  v- 


laDgerneot  ia  adopted,  requiring  one  more  lens ;  hut  whatever  ^stoi 

be  employed,  the  reinversion  of  the  image  always  involves  same  ks 

both  of  light  and  of  distinctness. 

764.  Oalileau   Telescope. — Besides   the   disadvantages  joat  v& 

tioned,  the  erecting  eye-piece  involves  a  considerable  addition  lo  i!» 

length  of  the  instrument.  The  telescope  invented  by  Galileo,  im 
the  earliest  of  ill  teb- 
scopes,  gives  ««*  iifr 
ages  with  onlytwolet 
ses,  and  with  sborta 
length  than  even  ibe 
astronomical  telescope- 
0(FJg.70i)istlieot- 
ject-gla8Si,whii^i3«io- 
vex  as  in  the  utiono- 
mical  telesct^  u<' 
Fig.  TM.-o«iL!eMi  Tsiaoopfc  would  fonu  a  re«t  Ui^ 

inverted  image  atit 

its  principal  focus;  but  the  eye-glass  0',  which  ia  a  concare  fens. 

is  interposed  at  a  distance  equal  to  or  slightly  exceeding  itso»ii 

focal  length  from  the  place  of  this  image,  and  forms  an  erect  virtO' 

image  A'  B',  which  the  observer  seei 

Neglecting  the  distance  of  his  eye  from  the  lens,  the  aog^e  nnde 

which  he  sees  the  image  is  A'  O'  B',  which  is  equal  to  aO'&,  wbsM) 
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the  visual  angle  to  the  naked  eye  would  be  a  0  6.    The  magiufication  is 
therefore  '-qTi  which  is  approximately  equal  to  ~>  c  being  the  prin- 
cipal focus  of  the  object-glass.     If  the  instrument  is  focussed  in  such 
a  way  that  the  image  A'  K  is  thrown  to  infinite  distance,  c  is  also 
the  principal  focus  of  the  eye-lens,  and  the  magnification  is  sim- 
ply the   ratio   of  the   focal  lengths   of  the   two  lenses.      Tliis   is 
I    the   same    rule    which    we    deduced    for    the    astronomical   tele- 
scope ;  but  the  Galilean  telescope,  if  of  the  same  power,  is  shorter 
I    by  twice  the  focal  length  of  the  eye-lens,  since  the  distance  be- 
I   tween  the  two  lenses  is  the  difierence  instead  of  the  sum  of  their 
I   focal  lengths. 

I  ThU  telescope  has  the  disadvantage  of  not  admitting  of  the  em- 
ployment of  cross- wires ;  for  these,  in  order  to  serve  their  purpose, 
must  coincide  with  the  real  image;  and  no  such  image  exists  in 
this  telescope.  ^^^ 

There  is  another  peculiarity  in  the  absence  of 
the  h'ight'spot  above  described,  the  image  of  the 
object-glass  formed  by  the  eye-glass  being  virtuaL 
In  other  telescopes,  if  half  tlie  object-glass  be  cov- 
ered, half  the  bright  spot  will  be  obliterated ;  but 
the  remaining  half  suffices  for  giving  the  whole 
field  of  view,  though  with  diminished  brightness. 
In  the  Galilean  telescope,  on  the  contrary,  if  half 
the  object-glf^  be  covered,  half  the  field  of  view 
will  be  cut  ofi",  and  the  remaining  half  will  be 
unaffected.  ^^Jgg^^^  . 

The  opera-glass,  single  or  binocular,  is  a  Galir    vir  im—openeitii 
Jean  telescope,  or  a  pair  of  Galilean  telescopes.     In 
the  best  instruments,  both  object-gIa,ss  and  eye-glass  are  achromatic 
combinations  of  three  pieces,  as  shown  in  section  in  the  figure  (Fig. 
705) ;  the  middle  piece  in  each  case  being  flint,  and  tlie  other  two 
crown  (§  794). 

765.  Reflecting  Telescopes. — In  reflecting  telescopes,  the  place  of 
an  object-glass  is  supplied  by  a  concave  mirror  called  a  speculum, 
nsually  composed  of  solid  metal.  The  real  and  inverted  image  which 
it  forms  of  distant  objects  is,  in  the  Herscbelian  telescope,  viewed 
directly  through  an  eye-piece,  the  back  of  the  observer  being  towards 
the  object,  and  his  &ce  towards  the  speculum.  This  construction  is 
only  applicable  to  very  large  specula;  as  in  instruments  of  ordinary 
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size  the  interpositioD  of  the  observers   head  would  < 
serious  a  loss  of  light. 
An  arrangement  more  frequently  adopted  is  that  devised  by  & 
Isaac    NeTtOD,    iitl 
employed  by  bim  ii 
the  first  raflecting  bit- 
scope  ever  coDstrnt- 
ed.  It  is  represenUdi 
Fig.  706.     The  spas- 
lam  is  at  the  boUom  li 
a  tube  whose  o^  enl 
is    directed    tonr^ 
the  distant  object  m 
Fit  7«  -K«umi«  T.I-COP..  ^  examined.  Tbenp 

1  and  2  from  one  oUe 
mity  of  the  object  are  refiected  towards  a,  and  the  rays  3,  4  from  tbt 
other- extremity  are  refiected  towards  6.  A  real  inverted,  uot^il 
would  thus  be  formed  at  the  principal  focus  of  the  concave  Bpecolm: 
but  a  small  plane  mirror  M  is  interposed  obliquely,  and  caaBestk 
real  image  to  be  formed  at  a'  h'  in  a  symmetrical  pomtion  mt 
respect  to  the  mirror  M.  The  eye-lens  O'  trauafonna  this  into  ^ 
enlai^ed  and  virtual  image  A'  B'. 

Magnifying  Power. — The  approximate  formula  for  the  nugniffiiif 
power  is  the  same  as  in  the  case  of  the  refracting  telescopes  alRu; 
described.  In  fact  the  first  image  a  b  subtends,  at  the  optical  cam 
O  (not  shown  in  the  figure)  of  the  large  speculum,  an  angle  aO» 
equal  to  the  visual  angle  for  the  naked  eye ;  and  the  seocmd  imigt 
a'b'  (which  ia  equal  to  the  former)  subtends,  at  the  centn  of  tb 
eye-piece,  an  angle  a'  O'  b'  equal  to  the  angle  under  whidi  tlie  im^ 
is  seen  in  the  telescope.  The  magnifying  power  is  therefore  —^..  or 
what  is  the  same  thing,  is  the  ratio  of  the  distance  of  a  6  firom  0  k 
the  distance  of  a'  b'  from  O',  or  the  ratio  of  the  focal  length  of  tie 
speculum  to  that  of  the  eye-piece. 

In  the  Gregorian  telescope,  which  was  invented  befcoe  Uiit  d 
Newton,  but  not  manufactured  till  a  later  date,  there  ate  two  con- 
cave specula.  The  large  one,  which  receives  the  direct  raj's  frffi 
the  object,  forms  a  real  and  inverted  im^e.  The  smaller  specolm 
which  is  suspended  in  the  centre  of  the  tube,  with  its  back  totbt 
object,  receives  the  rays  refiected  from  the  first  speculum,  and  fonoi 
a  second  real  image,  which  is  the  enlarged  and  inverted  image  (^tk 
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fiiBt^  and  ifl  therefore  erect  as  compared  with  the  object.  This  real 
and  erect  image  is  then  magnified  by  means  of  an  eye-piece,  as  in  the 
instroments  previously  described,  the  eye-piece  being  contained  in  a 
tube  which  slides  in  a  hole  pierced  in  the  middle  of  the  large  specu* 
]um. 

As  this  arrangement  gives  an  erect  image,  and  enables  the  observer 
to  look  directly  towards  the  object,  it  is  specially  convenient  for 
terrestrial  observation.  It  is  the  construction  ahnost  universally 
adopted  in  reflecting  telescopes  of  small  size. 

The  Cassegranian  telescope  resembles  the  Gregorian,  except  that 
the  second  speculum  is  convex,  and  the  image  which  the  observer 
sees  is  inverted. 

766.  Silvered  Specula. — ^Achromatic  refracting  telescopes  give  much 
better  results,  both  as  regards  light  and  definition,  than  reflectors  of 
the  same  size  or  weight ;  but  it  has  been  found  practicable  to  make 
specula  of  much  larger  size  than  object-glassea  The  aperture  of 
Lord  Rosse's  largest  telescope  is  6  feet,  whereas  the  aperture  of  the 
largest  achromatic  telescopes  yet  constructed  is  less  than  two  feet^ 
and  increase  of  size  involves  increased  thickness  of  glass^  and  conse- 
quent absorption  of  light 

The  massiveness  which  is  found  necessary  in  the  speculum  in  order 
to  prevent  flexure,  is  a  serious  inconvenience,  as  is  also  the  necessity 
for  frequent  repolishing — an  operation  of  great  delicacy,  as  the 
slightest  change  in  the  form  of  the  surface  impairs  the  deflnition  of 
the  image&  Both  these  defects  have  been  to  a  certain  extent  re* 
medied  by  the  introduction  of  glass  specula^  covered  in  front  with  a 
thin  coating  of  silver.  Glass  is  much  more  easily  worked  than  specu- 
lum-metal (which  is  remarkable  for  its  brittleness  in  casting),  and 
has  only  one-third  of  its  specific  gravity.  Silver  is  also  much  supe- 
rior to  speculum-metal  in  reflecting  power;  and  as  often  as  it  becomes 
taruished  it  can  be  removed  and  renewed,  without  liability  to  change 
of  form  in  the  reflecting  surface.^ 

767.  Measure  of  Brightness. — The  brightness  of  a  surface  is  most 
naturally  measured  by  the  amount  of  light  per  unit  area  of  its  image 
on  the  retina:  and  therefore  varies  directly  as  the  amount  of  light 
which  the  ait/rface  sends  to  the  pupU,  and  inversely  as  the  apparent 
area  of  the  surface. 

To  avoid  complications  arising  frx)m  the  varying  condition  of  the 

'  The  merits  of  rilvered  ipeoolft  are  fully  set  forth  in  a  brochuxe  published  by  Mr. 
Browning  of  the  Minories,  entitled  A  PUafor  R^fiecton, 
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observer,  we  shall  leave  dilatation  and  contraction  of  the  papil  out 
of  account. 

When  a  body  is  looked  at  through  a  small  pinhole  in  a  card  held 
dose  to  the  eye,  it  appears  much  darker  than  when  viewed  in  tbe 
ordinary  way;  and  in  like  manner  images  formed  by  optical  instn- 
ments  often  furnish  beams  of  light  too  narrow  to  fill  the  pupil  Id 
all  such  cases  it  becomes  necessary  to  distinguish  between  t§dx9t 
brightness  and  intri/naic  brightneaa,  the  former  being  leas  thin  the 
latter  in  the  same  ratio  in  which  the  cross  section  of  the  beam  vhidt 
enters  the  pupil  is  less  than  the  area  of  the  pupiL  We  may  ooneetlj 
speak  of  the  i/rUrinaic  brigfUneaa  of  a  surfeice  for  a  particular  point 
of  the  pupil ;  and  the  elBTective  brightness  will  in  every  case  be  the 
average  value  of  the  intrinsic  brightness  taken  over  the  vhde 
pupiL 

In  the  case  of  natural  bodies  viewed  in  the  ordinary  way,  tbe 
distinction  may  be  neglected,  since  they  usually  send  light  in  ses- 
sibly  equal  amounts  to  all  parts  of  the  pupiL 

To  obtain  a  numerical  measure  of  intrinsic  brightness^  let  us  denote 
by  e  the  area  of  the  pupil,  by  8  a  small  area  on  a  sorface  direekiy 
facing  towards  the  eye  (or  the  foreshortened  projection  of  a  snail 
area  inclined  to  the  line  of  vision),  and  by  r  the  distance  betweae 
and  8,     Then  the  quantity  of  light  q  which  e  sends  to  e  per  unit  tiiK, 

varies  jointly  as  the  area  e,  the  apparent  area  or  real  soHd  angle  v 

and  the  intrinsic  brightness  I.     We  may  therefore  write  9=le<= 

1 8  ^;  and  if  we  put  ta  for  the  solid  angle  ^  which  the  pupU  sabtenda 

at  8,  we  have  q=:l8uf.     The  intri/iisic  brightness  of  a  small  areas 

is  therefore  measured  by  -?-,  where  q  denotes  the  qiLantity  of  li^ 

which  8  emits  per  unit  time,  in  directions  limited  by  the  smaU  sM 
a/ngle  of  diveiyence  «. 

768.  Applications. — One  of  the  most  obvious  consequences  is  tbat 
surfaces  appear  equally  bright  at  all  distances  in  the  same  directioiL 
provided  that  no  light  is  stopped  by  the  air  or  other  intenrenisg 
medium;  for  q  and  w  both  vary  inversely  as  the  square  of  the  dis- 
tance The  area  of  the  image  formed  on  the  retina  in  fiict  vazies 
directly  as  the  amount  of  light  by  which  it  is  formed. 

Images  formed  by  Lenses. — ^Let  A  B  (Fig.  707)  be  an  object,  and 
a  6  its  real  image  formed  by  the  lens  C  D,  whose  centre  iaO.   l^ 


Fig.  707.— Brightnaw  of  Imago. 
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8  .denote  a  small  area  at  A,  and  Q  the  quantity  of  ligbt  which  it 

sends  to  the  lens;  also  let  8  denote  the  corresponding  area  of  the 

image,  and  q  the  quantity  of  light  which  traverses  it.     Then  q  would 

be  identical  with  Q  if  no  light  were  stopped  by  the  lens ;  the  areas  S,  a, 

are  directly  as  the  squares  of  the  conjugate  focal  distances  O  A,  0  a ; 

and  the  solid  angles  of  divei^nce 

a  and  «i»,  for  Q  and  q,  being  the 

solid  angles  subtended  by  the  lens 

at  A  and  a  (for  the  plane  angle 

cad  in  the  figure  is  equal  to  the 

vertical  angle  C  a  D),  are  inversely 

as  the  squares  of  the  conjugate  focal  distances.    We  have  accordingly 

-=|  and  SO=9m.     The  intrinsic  brightness  ^  of  the  image  is 

therefore  equal  to  the  intrinsic  brightness  ^  of  the  object,  except  in 

so  £Eur  as  light  is  stopped  by  the  lens.  Precisely  similar  reasoning 
applies  to  virtual  images  formed  by  lenses.^ 

In  the  case  of  images  formed  by  mirrors,  O  and  m  are  the  solid 
angles  subtended  by  the  mirror  at  the  conjugate  foci,  and  are, in- 
versely as  the  squares  of  the  distances  from  the  miiror ;  while  S  and 
8  are  directly  as  the  squares  of  the  distances  from  the  centre  of  cur- 
vature; but  these  four  distances  are  proportional  (§  407),  so  that  the 
same  reasoning  is  still  applicable.  If  the  mirror  only  reflects  half 
the  incident  light,  the  image  will  have  only  half  the  intrinsic  bright- 
ness of  the  object. 

If  the  pupil  is  filled  with  light  from  the  image,  the  eflfective 
brightness  will  be  the  same  as  the  intrinsic  brightness  thus  computed 
If  this  condition  is  not  fulfilled,  the  former  will  be  less  than  the 
latter.  When  the  image  is  greatly  magnified  as  compared  with  the 
object,  the  angle  of  divergence  is  greatly  diminished  in  comparison 
with  the  angle  which  the  lens  or  miiror  subtends  at  the  object,  and 
often  becomes  so  small  that  only  a  small  part  of  the  pupil  is  utilized. 
This  is  the  explanation  of  the  great  falling  ofif  of  light  which  is  ob- 

^From  the  fundamental  formula  for  refraction  at  a  spherical  surface,  u=— 3*-— - 

r  "^'*    OF  AQ 

{Parkimon^s  OpHei,  Art.  27),  where  Q  and  F  are  conjugate  fooi,  O  Q,  O  F  their  distances 

from  the  ^centre  of  curvature^  and  A  Q,  A  F  their  distances  from  the  refracting  surface,  we 

haye  at  once,  by  squaring  both  sides,  /i'  =  —  •    The  product «  w  is  accordingly  diminished 

8   U 

in  the  ratio  of  /j?to  1  at  the  first  surface  of  a  lens,  and  increased  again  to  its  original 
▼alae  at  the  second  surface.  The  conclusions  deduced  in  the  text  will  therefore  remain 
true  when  the  thickness  of  the  lens  is  taken  into  account. 
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served  in  the  use  of  high  magnifying  powers,  both  in  micn»eaptt 
and  telescopes. 

769.  Brightness  of  Image  in  a  Telescope. — ^It  has  been  ali^y 
pointed  out  (§  762)  that  in  most  forms  of  telescope  (the  GalilesD 
being  an  exception),  there  is  a  certain  position,  a  little  behind  the 
eye-piece,  at  which  a  well-defined  bright  spot  is  fonned  opoBa 
screen  held  there  while  the  telescope  is  directed  to  any  distant  soora 
of  light.  It  has  also  been  pointed  out  that  this  spot  is  the  linage, 
formed  by  the  eye-piece,  of  the  opening  which  is  filled  by  the  object- 
glass,  and  that  the  magnifying  power  of  the  instrument  is  the  ratb 
of  the  81220  of  the  object-glass  to  the  size  of  this  bright  spot 

Let  8  denote  the  diameter  of  the  bright  spot,  o  the  diameter (tf  the 
object-glass,  e  the  diameter  of  the  pupil  of  the  eye;  then-is  tb 

linear  magnifjdng  power. 

We  shall  first  consider  the  case  in  which  the  spot  exactly  ooTen 
the  pupil  of  the  observer's  eye,  so  that  8  =  e.  Then  the  vhdk 
light  which  traverses  the  telescope  firom  a  distant  object  enters  tk 
ey^ ;  and  if  we  neglect  the  light  stopped  in  the  telescope,  thii  b 

the  whole  light  sent  by  the  object  to  the  object-glass,  and  is  ||j 

times  that  which  would  be  received  by  the  naked  eya  The  nu^ 
fication  of  apparent  area  is  (^\  ,  which,  from  the  equality  of  emit, 
IS  the  same  as  the  increase  of  total  Light  The  brightness  is  thereSse 
the  same  as  to  the  naked  ey& 

Next,  let  8  be  greater  than  e,  and  let  the  pupil  occupy  the  oentnl 
part  of  the  spot  Then,  since  the  spot  is  the  image  of  the  object- 
glass,  we  may  divide  the  object-glass  into  two  parts — a  central  pari 
whose  image  coincides  with  the  pupil,  and  a  circumferential  pari 
whose  image  surrounds  the  pupil  AU  rays  from  the  object  vlucli 
traverse  the  central  part,  traverse  its  image,  and  therefore  enter  tbe 
pupil ;  whereas  rays  traversing  the  circuihferential  part  of  the  objecir 
glass,  traverse  the  circumferential  part  of  the  image,  and  so  are 
wasted.  The  area  of  the  central  part  (whether  of  the  object^ 
or  of  its  image)  is  to  the  whole  area  as  e^ :  6^;  and  the  light  whicb 

the  object  sends  to  the  central  portion,  instead  of  being  (^j*  tinns 
that  which  would  be  received  by  the  naked  eye,  is  only  (jj^timci 

But  (^Y  ^^  ^^^  magnification  of  apparent  area.  Hence  the  brigbt- 
ness  is  the  same  as  to  the  naked  eya  In  these  two  cases,  effectiTe 
and  intrinsic  brightness  are  the  same. 
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Lastly  (and  this  is  by  &r  the  most  oommon  case  in  practice),  let 
8  be  less  than  e.     Then  no  light  is  wasted,  but  the  papil  is  not  filled. 

The  light  received  is  (^\  times  that  which  the  naked  eye  would 

receive;  and  the  magnification  of  apparent  area  is  (-Y.  The  effec- 
tive brightness  of  the  image,  is  to  the  brightness  of  the  object  to  the 
naked  eye,  as  (j)*  :  (^)*;  that  is,  as  «*  :  e*;  that  is,  as  the  area  of  the 

bright  spot  to  the  whole  area  of  the  pupiL 

To  correct  for  the  light  stopped  by  reflection  and  imperfect  trans- 
parency, we  have  simply  to  multiply  the  result  in  each  case  by  a 
proper  fraction,  expressing  the  ratio  of  the  transmitted  to  the  incident 
light.  This  ratio,  for  the  central  parts  of  the  field  of  view,  is  about 
0*85  in  the  best  achromatic  telescopea  In  such  telescopes,  therefore, 
the  brightness  of  the  image  cannot  exceed  0*85  of  the  brightness  of 
the  object  to  the  naked  eya     It  will  have  this  precise  value,  when 

the  magnifying  power  is  equal  to  or  less  than  -;  and  from  this 

point  upwards  will  vary  inversely  as  the  square  of  the  linear  mag* 
nification. 

The  same  formulae  apply  to  reflecting  telescopes,  o  denoting  now 
the  diameter  of  the  large  speculum  which  serves  as  objective;  but 
the  constant  &ctor  is  usually  considerably  less  than  0*85. 

It  may  be  accepted  as  a  general  principle  in  optics,  that  while  it  is 
possible,  by  bad  focussing  or  instrumental  imperfections,  to  obtain  a 
confused  image  whose  brightness  shaU  be  intermediate  between  the 
brightest  and  the  darkest  parts  of  the  object,  it  is  impossible,  by 
any  optical  arramgement  whateveVy  to  obtain  an  vmage  whose 
brightest  part  shall  surpass  ihe  brightest  part  of  the  object, 

TfO.  Brightness  of  Stars. — There  is  one  important  case  in  which 
the  foregoing  rules  regarding  the  brightness  of  images  become  nuga- 
tory.  The  fixed  stars  are  bodies  which  subtend  at  the  earth  angles 
smaller  than  the  minimum  visihile,  but  which,  on  account  of  their 
excessive  brightness,  appear  to  have  a  sensible  angular  diameter. 
This  is  an  instance  of  irradiation,  a  phenomenon  manifested  by  all 
bodies  of  excessive  brightness,  and  consisting  in  an  extension  of  their 
apparent  beyond  their  actual  boundary.  What  is  called,  in  popular 
language,  a  bright  star,  is  a  star  which  sends  a  large  total  amount 
of  light  to  the  eye. 

Denoting  by  a  the  ratio  of  the  transmitted  to  the  whole  incident 
light,  a  ratio  which,  as  we  have  seen,  is  about  0*85  in  the  most 
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favourable  cases,  and  calling  the  light  which  a  star  sends  to  the 
naked  eye  unity,  the  light  perceived  in  its  image  will  be  a  (-)  ,  or 

a  X  square  of  linear  magnification,  if  the  bright  spot  is  as  laige  as 
the  pupil.  When  the  eye-piece  is  changed,  increase  of  power  dimm- 
ishes  the  size  of  the  spot,  and  increases  the  light  received  by  thee^, 
until  the  spot  is  reduced  to  the  size  of  the  pupiL  After  this,  any 
further  magnification  has  no  effect  on  the>  quantity  of  li^ht  received, 

its  constant  value  being  a  {j)\ 

The  value  of  this  last  expression,  or  rather  the  value  of  a  o^  is  the 
measure  of  what  is  called  the  space-penetratiTig  power  of  a  tdesoope; 
that  is  to  say,  the  power  of  rendering  very  faint  stars  visible;  and 
it  is  in  this  respect  that  telescopes  of  very  large  aperture,  notaUj 
the  great  reflector  of  Lord  Rosse,  are  able  to  display  their  great 
superiority  over  instruments  of  moderate  dimensions. 

We  have  seen  that  the  total  light  in  the  visible  image  of  a  star 
remains  unaltered,  by  increase  of  power  in  the  eye-piece  sbovt  a 
certain  limit.  But  the  visibility  of  faint  stars  in  a  telescope  is  pro- 
moted by  darkening  the  back-ground  of  sky  on  which  they  are  aeo. 
Now  the  brightness  of  this  back-ground  varies  directly  aa  s^,  <»*  in- 
versely as  the  square  of  the  linear  magnification  (s  being  suppcsed 
less  than  e).  Hence  it  is  advantageous,  in  examining  veiy  fiint 
8tars»  to  employ  eye-pieces  of  sufficient  power  to  render  the  far^ 
spot  much  smaller  than  the  pupil  of  the  eye. 

771.  Images  on  a  Screen. — Thus  far  we  have  been  speaking  of  the 
brightness  of  images  as  viewed  directly.  Images  cast  upon  a  screen 
are,  as  a  matter  of  fact,  much  less  brilliant  Their  brightness  depends 
greatly  on  the  nature  of  the  screen,  and  can  never  exceed  the  fari^t- 
ness  which  the  sur£BKse  of  the  screen  would  exhibit  if  held  very  near 
the  source  of  light.  When  a  condensing  lens  is  used  to  ooDect 
.the  rays  of  a  lamp,  an  eye  placed  at  the  conjugate  focus  sees  tiie 
whole  lens  full  of  light  of  uniform  brightness^  which,  ne^ieddDg 
reflection  and  absorption,  can  be  shown  to  be  the  same  as  that  of 
the  flame  itself^  The  illumination  of  a  screen  placed  in  the  focos, 
is  therefore  jointly  proportional  to  the  solid  angle  whi<^  the  lens 
subtends  at  the  focus,  and  to  the  brightness  of  the  flame;  and  is 
the  same  as  if  the  screen  were  directly  illuminated  by  the  flame^ 


^  TtoB  IB  strictly  trae  of  intrinne  brightnesB,  which  ii  all  that  omr  reMGnh^  reqaL  „ 
It  is  true  for  ^eetive  brightness,  if  the  image  is  large  eaon^  to  oover  tlis  jnfO,  aad  if  tie 
lens  is  at  a  proper  distance  for  distinct  vision. 
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at  a  distance  at  which  the  flame  itself  would  subtend  the  same  solid 
angla 

772.  Cross-wires  of  Telescopes. — ^We  have  described  in  §  743  a  a 
mode  of  marking  the  place  of  a  real  image  by  means  of  a  cross  of 
threads.  When  telescopes  are  employed  to  assist  in. the  measure- 
ment of  angles,  a  contrivance  of  this  kind  is  almost  always  intro- 
duced. A  cross  of  silkworm  threads^  in  instruments  of  low  power, 
or  of  spider  threads  in  instruments  of  higher  power,  is  stretched 
across  a  metallic  frame  just  in  front  of  the  eye-piece.  The  observer 
must  first  adjust  the  eye->piece  for  distinct  vision  of  this  cross,  and 
must  then  (in  the  case  of  theodolites  and  other  surveying  instru- 
ments) adjust  the  distance  of  the  object-glass  until  the  object  which 
is  to  be  observed  is  also  seen  distinctly  in  the  telescope.  The  image 
of  the  object  will  then  be  very  nearly  in  the  plane  of  the  crosa  If 
it  is  not  exactly  in  the  plane,  parallactic  displacement  will  be 
observed  when  the  eye  is  shifted,  and  this  must  be  cured  by  slightly 
altering  the  distance  of  the  object-glasa  When  the  adjustment  has 
been  completed,  the  cross  always  marks  one  definite  point  of  the 
object,  however  the  eye  be  shifted.  This  coincidence  will  not  be 
disturbed  by  pushing  in  or  pulling  out  the  eye-piece;  for  the  frame 
which  carries  the  cross  is  attached  to  the  body  of  the  telescope,  and 
the  coincidence  of  the  cross  with  a  point  of  the  image  is  real,  so  that 
it  could  be  observed  by  the  naked  eye,  if  the  eye-piece  were  re- 
moved. The  adjustment  of  the  eye-piece  merely  serves  to  give  dis- 
tinct vision,  and  this  will  be  obtained  simultaneously  for  both  the 
cross  and  the  object 

778.  Line  of  Collimation. — ^The  employment  of  croea-wires  (as  these 
crossing  threads  are  called)  enormously  increases  our  power  of  making 
accurate  observations  of  direction,  and  constitutes  one  of  the  greatest 
advantages  of  modem  over  ancient  instruments. 

The  line  which  is  regarded  as  the  line  of  sight,  or  as  the  direction 
in  which  the  telescope  is  pointed,  is  called  the  line  of  colliniation. 
If  we  neglect  the  curvature  of  rays  due  to  atmospheric  refraction, 
we  may  define  it  as  the  line  joining  the  cross  to  the  object  whose 
image  falls  on  it  More  rigorously,  the  line  of  collimation  is  the 
linejovrvmg  the  cross  to  the  optical  centre  of  the  object-glass.  When 
it  is  desired  to  adjust  the  line  of  collimation, — ^for  example,  to  make 
it  truly  perpendicular  to  the  horizontal  axis  on  which  the  telescope 
is  mounted,  the  adjustment  is  performed  by  shifting  the  firame  which 
carries  the  wires,  slow-motion  screws  being  provided  for  this  purposa 
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Telescopes  for  astronomical  observation  are  often  famished  with  a 
number  of  parallel  wires,  crossed  by  one  or  two  in  tbe  transvene 
direction ;  and  the  line  of  oollimation  is  then  defined  by  refeienoe  to 
an  imaginary  cross^  which  is  the  centre  of  mean  position  of  all  tbe 
actual  cro8se& 

774.  Micrometers. — Astronomical  micrometers  are  of  various  kin^ 
some  of  them  serving  for  measuring  the  angular  distance  between 
two  points  in  tbe  same  field  of  view,  and  others  for  measorii^  thai 
apparent  direction  from  one  another.  They  generally  consist  o( 
spider  threads  placed  in  the  principal  focus  of  the  object-glaBS^  so  » 
to  be  in  the  same  plane  as  the  images  of  celestial  objects,  one  or  more 
of  the  threads  being  movable  by  means  of  slow-motion  screv^ 
furnished  with  graduated  circles,  on  which  parts  of  a  turn  can  be 
read  off. 

One  of  the  commonest  kinds  consists  of  two  parallel  threads,  wUd 
can  thus  be  moved  to  any  distance  apart,  and  can  also  be  toned 
round  in  their  own  plane; 
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77S.  HewtonuB  Experiment. — la  the  chapter  on  refraction,  we  have 
poetpoDed  the  discussion  of  one  important  phenomenon  bj  vhich  it 
is  usually  accompanied,  and  which  we  must  now  proceed  to  explain. 
The  following  experiment,  which  is  due  to  Sir  Isaac  Newton,  will 
fiimish  a  fitting  introduction  to  the  subject. 

On  on  extensive  background  of  black,  let  three  bright  strips  be 
laid  in  line,  as  in  the  left-hand  part  of  Fig.  708,  and  looked  at 
through  a  prism  with  its  refittcting  edge  parallel  to  the  strips.    We 


n(.  TOe.— SpBtn  or  WUM  ud  Caloand  Btrift. 

Bhall  suppose  the  edge  to  be  upward,  so  that  the  image  is  raised  above 
the  object  The  images,  as  represented  in  the  right-hand  part  of 
Fig.  70S,  will  have  the  same  horizontal  dimensions  as  the  strips,  but 
will  be  greatly  extended  in  the  vertical  direction;  and  each  image, 
ijistead  of  having  the  uniform  colour  of  the  strips  from  which  it  is 
derived,  will  be  tinted  with  a  gradual  succession  of  colours  from  top 
to  bottom.     Such  images  are  called  apectTxt. 

If  one  of  the  strips  (the  middle  one  in  the  figure)  be  white,  its 
spectrum  will  contain  the  following  series  of  colours,  b^^inning  at 
the  top:  violet,  blue,  green,  yellow,  orange,  red. 
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If  one  of  the  strips  be  blae  (the  left-hand  one  in  the  fignre),  its 
ima^  wiU  present  bright  colours  at  the  upper  end;  and  these  wiU 
be  identical  with  the  colours  adjacent  to  them  in  the  spectrum  ot 
white.  The  colours  which  form  the  lower  part  of  the  spectrum  of 
white  will  either  be  very  dim  and  dark  in  the  spectrum  of  blue,  or 
will  be  wanting  altogether,  being  replaced  by  black. 

If  the  other  strip  be  red,  its  image  will  contain  bright  colours  at 
the  lower  or  red  end,  and  those  which  belong  to  the  upper  end  of  the 
spectrum  of  white  will  be  dim  or  absent  Every  colour  that  occurs 
in  the  spectrum  of  blue  or  of  red  will  also  be  found,  and  in  the  same 
horizontal  line,  in  the  spectrum  of  white. 

If  we  employ  other  colours  instead  of  blue  or  red,  we  shall  obtam 
analogous  results;  every  colour  will  be  found  to  give  a  spectrum  which 
is  identical  with  part  of  the  spectrum  of  white,  both  as  regards  colour 
and  position,  but  not  generally  as  regards  brightnesa 

We  may  occasionally  meet  with  a  body  whose  spectrum  conasts 
only  of  one  colour.  The  petals  of  some  kinds  of  convolvulus  give  a 
spectrum  consisting  only  of  blue,  and  the  petals  of  nasturtium  give 
only  red. 

776.  Composite  Nature  of  Ordinary  Coloore. — This  experiment  shows 
that  the  colours  presented  by  the  great  majority  of  natural  bodi^ 
are  composite.  When  a  colour  is  looked  at  with  the  naked  eye,  the 
sensation  experienced  is  the  joint  effect  of  the  various  elementary 
colours  which  compose  it.  The  prism  serves  to  resolve  the  colour  into 
its  components,  and  exhibit  them  separately.  The  experiment  also 
shows  that  a  mixture  of  all  the  elementary  colours  in  proper  pro- 
portions produces  white. 

777.  Solar  Spectrum. — The  coloured  strips  in  the  foregoing  experi- 
ment may  be  illuminated  either  by  daylight  or  by  any  of  the  ordinary 
sources  of  artificial  light  The  former  is  the  best,  as  gas-light  and 
candle-light  are  very  deficient  in  blue  and  violet  ray& 

Colour,  regarded  as  a  property  of  a  coloured  (opaque)  body,  is  the 
power  of  selecting  certain  rays  and  reflecting  them  either  exclusively 
or  in  larger  proportion  than  others  The  spectrum  presented  by  a 
body  viewed  by  reflected  light,  as  ordinary  bodies  are,  can  thus  only 
consist  of  the  rays,  or  a  selection  of  the  rays,  by  which  the  body  is 
illuminated. 

A  beam  of  solar  light  can  be  directly  resolved  into  its  constituents 
by  the  following  experiment,  which  is  also  due  to  Newton,  and  was 
the  first  demonstration  of  the  composite  character  of  solar  light 
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Let  a  1}eam  of  san-light  be  admitted  through  a  small  opening  into 
a  dark  room.  If  allowed  to  fall  normally  on  a  white  screen,  it  pro- 
duces (§  683)  a  round  white  spot,  which  is  an  image  of  the  sun.  Now 
let  a  prism  be  placed  in  its  path  edge-downwards,  as  in  Fig.  709;  the 


Kg.  7W.— Solai  Spactram  bj  Nsirton'i  Uslhod. 

beam  will  thus  be  deflected  upwards,  and  at  the  same  time  resolved 
into  its  component  colours.  The  image  depicted  on  the  screen  will 
be  a  many-coloured  band,  resembling  the  spectrum  of  white  described 
in  §  775.  It  will  be  of  uniform  width,  and  rounded  off  at  the  ends, 
being  in  fact  built  up  of  a  number  of  overlapping  discs,  one  for  each 
kind  of  elementary  ray.     It  is  called  the  solar  spectrum. 

The  rays  which  have  undergone  the  greatest  deviation  are  the 
violet.  They  occupy  the  upper  end  of  the  spectrum  in  the  figure. 
Those  which  have  undergone  the  least  deviation  are  the  red.  Of  all 
visible  rays,  the  violet  are  the  most,  and  the  red  the  least  refran^ble ; 
and  the  analysis  of  light  into  its  components  by  means  of  the  prism  is 
due  to  difference  of  refrangibility.  If  a  small  opening  is  made  in  the 
screen,  so  as  to  allow  rays  of  only  one  colour  to  pass,  it  will  be  found, 
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on  transmitting  these  throogh  a  second  prism  behind  the  acreeD,  as 
in  Fig.  709,  that  no  further  analysis  can  be  effected,  and  the  whok 
of  the  image  formed  by  receiving  this  transmitted  light  on  a  second 
screen  will  be  of  this  one  colour. 

778.  Mode  of  obtaining  a  Pure  Spectmin. — ^The  spectra  obtained  bv 
the  methods  above  described  are  built  up  of  a  number  of  ov^^li^pisg 
images  of  different  coloura  To  prevent  this  overlapping,  and  obtain 
each  elementary  colour  pure  from  all  admixture  with  the  rest^  we 
must  in  the  first  place  employ  as  the  object  for  yielding  the  inuigeB 
a  very  narrow  line ;  and  in  the  second  place  we  must  take  care  that 
the  images  which  we  obtain  of  this  line  are  not  blurred,  but  have  the 
greatest  possible  sharpnesa  A  spectrum  possessing  these  chaiader- 
istics  is  called  pure. 

The  simplest  mode  of  obtaining  a  pure  spectrum  consists  in 
looking  through  a  prism  at  a  fine  slit  in  the  shutter  of  a  dark  room. 
The  edges  of  the  prism  must  be  parallel  to  the  slit,  and  its  distaaoe 
from  the  slit  should  be  five  feet  or  upwards.  The  observer,  |dadng 
his  eye  close  to  the  prism,  will  see  a  spectrum;  and  he  should  rcyUte 
the  prism  on  its  axis  until  he  has  brought  this  spectrum  to  i^ 
smallest  angular  distance  from  the  real  slit,  of  which  it  is  the  inu^ 
Let  E  (Fig.  710)  be  the  position  of  the  eye,  S  that  of  the  sBt 
Then  the  extreme  red  and  violet  images  of  the  slit  will  be  se^  st 
B,  y,  at  distances  from  the  prism  sensibly  equal  to  the  real  distance 
of  S  (§  731b);  and  the  other  images,  which  compose  the  remainda 

of  the  spectrum,  will  occupy  posi- 
tions between  R  and  V  Tie 
spectrmn,  in  this  mode  of  operat- 
ing, is  virtual 

To  obtain  a  real  spectrum  id  & 
state  of  purity,  a  convex  lens 
must  be  employed.  Let  the  lens 
L  (Fig.  711)  be  first  placed  in 
such  a  position  as  to  throw  a 
sharp  image  of  the  slit  S  upon 

Fig.  710.-Ar»ngemeiitfbraeeliig  a  pure  Spectrum.     &  SCreCU  at   I.       Ncxt  let  a  {Mism 

P  be  introduced  between  the  lens 
and  screen,  and  rotated  on  its  axis  till  the  position  of  minimum  devia- 
tion is  obtained,  as  shown  by  the  movements  of  the  impure  spectrum 
which  travels  about  the  walls  of  the  room.  Then  if  the  scre^  be 
moved  into  the  position  RV,  its  distance  fix)m  the  prism  being  the 
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same  as  before,  a  pure  spectrum  will  be  depicted  upon  it.  A  similar 
result  can  be  obtained  by  placing  the  prism  between  the  lens  and 
the  slit,  but  the  adjustments  are  rather  more  troublesome.     Direct 


Fig.  71l.~Amiigem«nt  for  Pare  Spectrnm  on  Screen. 

sun-light^  or  sun-light  reflected  from  a  mirror  placed  outside  the 
shutter,  is  necessary  for  this  experiment,  as  sky-Ught  is  not  suffi- 
ciently poweiiuL  It  is  usual,  in  experiments  of  this  kind,  to  em- 
ploy a  movable  mirror  called  a  heliostat,  by  means  of  which  the  light 
can  be  reflected  in  any  required  direction.  Sometimes  the  move- 
ments of  the  mirror  are  obtained  by  hand;  sometimes  by  an  ingeni- 
ous clock-work  arrangement,  which  causes  the  reflected  beam  to  keep 
its  direction  unchanged  notwithstanding  the  progress  of  the  sun 
through  the  heavens. 

The  advantage  of  placing  the  prism  in  the  position  of  minimum 
deviation  is  two-fold.  First,  the  adjustments  are  facilitated  by  the 
equality  of  conjugate  focal  distances,  which  subsists  in  this  case  and 
in  this  only.  Secondly  and  chiefly,  this  is  the  only  position  in  which 
the  images  are  not  blurred.  In  any  other  position  it  can  be  shown  ^ 
that  a  small  cone  of  homogeneous  incident  rays  is  no  longer  a  cone 
(that  is,  its  rays  do  not  accurately  pass  through  one  point)  after 
transmission  through  the  prism. 

The  method  of  observation  just  described  was  employed  by 
Wollaston,  in  the  earliest  observations  of  a  pure  spectrum  ever 
obtained.  Fraunhofer,  a  few  years  later,  independently  devised  the 
same  method,  and  carried  it  to  much  greater  perfection.  Instead  of 
looking  at  the  virtual  image  with  the  naked  eye,  he  viewed  it  through 
a  telescope,  which  greatly  magnified  it,  and  revealed  several  features 
never  before  detected.  The  prism  and  telescope  were  at  a  distance 
of  24e  feet  from  the  slit. 


^  Helmholtz,  PhysioloffuxU  Optics.    Second  Part,  §  19. 
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779.  Dark  Lines  is  the  Solar  Speetmm. — ^When  a  pure  epectram  of 
aolar  light  is  examined  by  any  of  these  methods,  it  is  seen  to  be 
traversed  by  numerous  dark  lines,  constituting,  if  we  may  so  say, 
dark  images  of  the  slit  Each  of  these  is  an  indication  that  a  par- 
ticular kind  of  elementary  ray  is  wanting^  in  solar  lights  Eveiy 
elementary  ray  that  is  present  gives  its  own  image  of  the  slit  in  iti 
own  peculiar  colour ;  and  these  images  are  arranged  in  strict  ooa- 
tiguity,  so  as  to  form  a  continuous  band  of  light  passing  by  peiftctly 
gnulual  transitions  through  the  whole  range  of  simple  colour,  except 
at  the  narrow  intervals  occupied  by  the  dark  line&  Fig.  1,  Plate  IIL, 
is  a  rough  representation  of  the  appearance  thus  presented.  If  the 
slit  is  illuminated  by  a  gas  flame,  or  by  any  ordinary  lamp,  initfed 
of  by  solar  light,  no  such  lines  are  seen,  but  a  perfectly  continQOiis 
spectrum  is  obtained.  The  dark  lines  are  therefore  not  charaotonfltic 
of  light  in  general,  but  only  of  solar  light 

Wolhiston  saw  and  described  some  of  the  more  conspicoow  of 
them.  Fraunhofer  counted  about  600,  and  marked  the  places  of  SH 
upon  a  map  of  the  spectrum,  distinguishing  some  of  the  mora  eoa- 
spicuous  by  the  names  of  letters  of  the  alphabet,  as  indicated  in  tfj^  h 
These  lines  are  constantly  referred  to  as  reference  marks  filV.Ae 
accurate  specification  of  different  portions  of  the  spectrum.  9itf 
always  occur  in  precisely  the  same  places  as  regards  colour,  but  db 
not  retain  exactly  the  same  relative  distances  one  from  anoth^  lAt& 
prisms  of  different  materials  are  employed,  different  parts  offlie 
spectrum  being  unequally  expanded  by  different  refracting 
tances.*  The  inequality,  however,  is  not  so  great  as  to  int 
any  difficulty  in  the  identification  of  the  lines. 

The  dark  lines  in  the  solar  spectrum  are  often  called  Frauiihdifar*s 
linea     Fraunhofer  himself  called  them  the  *'  fixed  lines." 

780.  Invisible  Bays  of  the  Spectnun. — ^The  brightness  of  the  edar 
spectrum,  however  obtained,  is  by  no  means  equal  througfaoat^  ihnt 
is  greatest  between  the  dark  lines  D  and  £ ;  that  is  to  say,  is  tte 
yellow  and  the  neighbouring  colours  orange  and  light  green;  Sttd 
falls  off  gradually  on  both  sidea 

The  heating  effect  upon  a  small  thermometer  or  thermopile  ^- 
creases  in  going  from  the  violet  to  the  red,  and  still  continuee,  to 
increase  for  a  certain  distance  beyond  the  visible  spectrum  at  ttie 
red  end.     Prisms  and  lenses  of  rock-salt  should  be  employed  for 

*  Probably  not  absolutely  wanting,  but  so  feeble  as  to  appear  black  by  oontrart. 
'  This  property  is  called  tbe  irrationcUity  of  dUperncn, 


SPrCTHA    OK  VABrt 


PHOSPHOAESCENCB.  979 

inTestigaticm,  as  glass  largely  absorbs  the  invisible  rays  which  lie 
beyond  the  red. 

When  the  spectmm  is  thrown  upon  the  senmtized  paper  employed 
in  photography,  the  action  is  vety  feeble  in  the  red,'  strong  in  the 
blue  and  violet,  and  is  sensible  to  a  great  distance  beyond  the  violet 
end.  When  proper  precautions  are  taken  to  insure  a  veiy  pure 
spectrum,  the  photograph  reveals  the  existence  of  dark  lines,  like 
those  of  Fraunhofer,  in  the  invisible  ultra-violet  portion  of  the  spec- 
tmm.     The  strongest  of  these  have  been  named  L,  M,  N,  0,  P. 

781.  FhoBphoresoence  and  Tlnorescesca. — There  are  some  sub- 
stances which,  after  being  exposed  in  the  sun,  are  found  for  a  long 
time  to  appear  self-luiuiuoas  when  viewed  in  the  dark,  and  this 


Fig.  Tia.— Btcqumd'i  Phcuphorot 


without  any  signs  of  combustion  or  sensible  elevation  of  temperatnra 
Such  substances  are  called  'phosphorescent.  Sulphuret  of  calcium  and 
sulphuret  of  barium  have  long  been  noted  for  this  property,  and  have 
hence  been  called  respectively  Canton'a  phosphorus,  and  Bologna 
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phoapkorua.    The  phenomenoD  ia  chiefly  due  to  the  action  of  tiie 
violet  and  ultra-violet  portion  of  the  sun's  rays. 

More  recent  investigations  have  shown  that  the  same  property 

exists  in  a  much  lower  degree  in  an  immense  number  of  bodies,  tLetr 

phosphorescence  continuing,  in  most  cases,  only  for  a  fraction  of  i 

second 'after  their  withdrawal  from  the  sun's  raya    K  fiecquerellis 

contrived  an  instrument,  called  the  pkosphoroacope,  which  is  a- 

tremely  appropriate  for  the  observation  of  this  phenomenoa    It  is 

represented  in  Fig.  712.     Its  most  characteristic  feature  is  a  ptoi  of 

rigidly  connected  discs  (Fig.  713),  each  pierced  with  four  openings, 

those  of  the  one  being  not  opposite  but  midway  between  those  of  the 

other.     This  pair  of  dieca  can  be  set  in  very 

rapid  rotation  by  means  of  a  series  of  wheels 

and  pinions.     The  body  to  be  examined  is 

attached  to  a  fixed  stand  between  the  tiro 

discs,  so  that  it  ia  alternately  exposed  on 

opposite  sides  as  the  discs  rotate;    One  side 

is  turned  towards  the  sun,  and  the  otber 

towards  the  observer,  who  accordingly  only 

sees  the  body  when  it  is  not  exposed  to  the 

sun's   rays.      The   cylindrical  case  within 

pig.n3.-Di-.of  Ph»ph™«,p..   «'l>»ch  the  discs  revolve,  is  fitted  int«  abole 

in  the  shutter  of  a  dark  room,  and  is  pierced 

with  an  opening  on  each  side  exactlj'  opposite  the  position  in  which 

the  body  is  fixed.    The  body,  if  not  phosphorescent,  will  never  be  seen 

by  the  observer,  as  it  is  always  in  darkness  except  when  it  is  hidden 

by  the  intervening  disc.    If  its  phosphorescence  lasts  as  long  aa  an 

eighth  part  of  the  time  of  one  rotation,  it  will  become  visible  in  the 

darkness. 

Nearly  all  bodies,  when  thus  examined,  show  traces  of  phosph(fl'es- 
cence,  lasting,  however,  in  some  cases,  only  for  a  ten-thousandth  of  a 
second. 

The  phenomenon  of  fluorescence,  which  is  illustrated  in  Plate  IL 
accompanying  §  618,  appears  to  be  essentially  identical  with  phos- 
phorescence. The  former  name  is  applied  to  the  phenomenon,  if  it 
is  observed  while  the  body  is  actuaUy  exposed  to  the  source  of  lights 
the  latter  to  the  efiect  of  the  same  kind,  but  usually  less  intense, 
which  is  observed  after  the  light  from  the  source  is  cut  oS.  Both 
forms  of  the  phenomenon  occur  in  a  strongly-marked  d^ree  in  the 
same  bodies.    Canary-glass,  which  is  coloured  with  oxide  of  uianium,  is 
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a  very  convenient  material  for  the  exhibition  of  fluorescence.  A  thick 
piece  of  it,  held  in  the  violet  or  nltra-violet  portion  of  the  solar 
spectrum,  is  filled  to  the  depth  of  from  |^  to  j-  of  an  inch  with  a  faint 
nebulous  light.  A  solution  of  sulphate  of  quinine  is  also  frequently 
employed  for  exhibiting  the  same  efiect,  the  luminosity  in  this  case 
being  bluish.  If  the  solar  spectrum  be  thrown  upon  a  screen'  freshly 
washed  with  sulphate  of  quinine,  the  ultra-violet  portion  will  become 
visible  by  fluorescence;  and  if  the  spectrum  be  very  pure,  the  pre- 
sence of  dark  lines  in  this  portion  will  be  detected 

The  light  of  the  electric  lamp  is  particularly  rich  in  ultra-violet 
rays,  this  portion  of  its  spectrum  being  much  longer  than  in  the  case 
of  solar  light,  and  about  twice  as  long  as  the  spectrum  of  luminous 
rays.  Prisms  and  lenses  of  quartz  should  be  employed  for  this  pur- 
pose, as  this  material  is  specially  transparent  to  the  highly-refrangible 
rays.  Flint-glass  prisms,  however,  if  of  good  quality,  answer  well 
in  operating  on  solar  light.  The  luminosity  produced  by  fluorescence 
has  sensibly  the  same  tint  in  all  parts  of  the  spectrum  in  which  it 
occurs,  and  depends  upon  the  fluorescent  substance  employed.  Pris- 
matic analysis  is  not  necessary  to  the  exhibition  of  fluorescenca  The 
phenomenon  is  very  conspicuous  when  the  electric  discharge  of  a 
Holtz's  machine  or  a  Buhmkorff's  coil  is  passed  near  fluorescent 
substances,  and  it  is  faintly  visible  when  these  substances  are  examined 
in  bright  sunshine.  The  light  emitted  by  a  fluorescent  substance  is 
found  by  analysis  not  to  be  homogeneous,  but  to  consist  of  rays 
having  a  wide  range  of  refrangibility. 

The  ultra-violet  rays,  though  usually  styled  invisible,  aro  not 
altogether  deserving  of  this  title.  By  keeping  all  the  rest  of  the 
spectrum  out  of  sight,  and  carefully  excluding  all  extraneous  light, 
the  eye  is  enabled  to  perceive  these  highly  refrangible  raya  Their 
colour  is  described  as  lavender-gray  or  bluish  white,  and  has  been 
attributed,  with  much  appearance  of  probability,  to  fluorescence  of 
the  retina.  The  ultra-red  rays,  on  the  other  hand,  are  never  seen; 
but  this  may  be  owing  to  the  fact,  which  has  been  established  by 
experiment,  that  they  are  largely,  if  not  entirely,  absorbed  before 
they  can  reach  the  retina. 

782.  BecompoBition  of  White  Light. — The  composite  nature  of  white 
light  can  be  established  by  actual  synthesis.  This  can  be  done  in 
several  ways. 

1.  If  a  second  prism,  precisely  similar  to  the  first,  but  with  its 
refracting  edge  turned  the  contrary  way,  is  interposed  in  the  path  of 
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the  colouied  beam,  very  near  its  place  of  emetfience  from  the  fint 
prism,  the  deviation  produced  by  the  second  prism  will  be  equal  ud 
oppo«te  to  that  produced  by  the  first,  the  two  prisma  will  prodoee 
the  eifect  of  a  parallel  plate,  and  the  image  on  the  screen  will  be  i 
white  spot,  nearly  in  the  same  position  as  if  the  prisma  were  n- 
moved. 

2.  Let  a  convex  lens  (Fig.  714)  be  interposed  in  the  path  of  tbe 
coloured  beam,  in  such  a  maimer  that  it  receives  all  tbe  rayi,  ud 


that  the  screen  and  the  prism  are  at  conjugate  focal  distances.  Tbe 
image  thus  obtained  on  the  screen  will  be  white,  at  least  in  its  cen- 
tral portions. 

3.  Let  a  number  of  plane  minora  be  placed  so  aa  to  receive  tlv 
successive  coloured  rays,  and  to  reflect  them  all  to  one  point  of » 
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screen,  as  in  Fig.  71 5.     The  bright  spot  thus  formed  will  be  vb^ 
or  approximately  white. 

More  complete  information  respecting  the  mixture  of  colonnviU 
be  given  in  the  next  chapter. 
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783.  BpectnMOOpe.-~When  we  have  obtained  a  pure  spectrum  hy 
any  of  the  methods  above  indicated,  we  have  in  &ct  effected  an 
analyfds  of  the  light  with  which  the  slit  is  illuminated.  In  recent 
years,  many  forms  of  apparatus  have  been  constructed  for  this  pur- 
pose, under  the  name  of  Bpectroscopea. 

A  spectroscope  usually  contains,  besides  a  slit,  a  prism,  and  a 
telescope  (as  in  Fraunhofer's  method  of  observation),  a  convex  lens 
called  a  coUimator,  which  is  fixed  between  the  prism  and  the  aUt^ 
at  the  distance  of  its  principal  focal  length  from  the  latter.  The  effect 
of  this  arrangement  is,  that  rays  from  any  point  of  the  slit  emet^ 
parallel,  as  if  they  came  from  a  much  larger  slit  (the  virtual  image 
of  the  real  slit)  at  a  much  greater  distance.  The  prism  (set  at 
minimum  deviation)  forms  a  virtual  image  of  this  image  at  the  same 
distuice,  but  in  a  different  direction,  on  the  principle  of  Fig.  711. 


To  this  second  virtual  im^e  the  telescope  is  directed,  being  focnsBed 
as  if  for  a  very  distant  object 

Fig.  71 6  represents  a  spectroscope  thus  constructed.    The  tube  of 
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the  oollimaior  is  the  further  tube  in  the  figure,  the  lens  being  at  the 
end  of  the  tube  next  the  prism,  while  at  the  &r  end,  dose  to  the 
lamp  fiame,  there  is  a  slit  (not  visible  in  the  figure)  consisting  of  an 
opening  between  two  parallel  knife-edges,  one  of  which  can  be  moved 
to  or  firom  the  other  by  turning  a  screw.  The  knife-edges  must  be 
very  true,  both  as  regards  straightness  and  parallelism,  as  it  is  often 
necessary  to  make  the  slit  exceedingly  narrow.  The  tube  on  the  left 
hand  is  the  telescope,  furnished  with  a  broad  guard  to  screen  the  eje 
from  extraneous  light  The  near  tube,  with  a  candle  opposite  ite 
end,  is  for  purposes  of  measurement.  It  contains,  at  the  end  next 
the  candle,  a  scale  of  equal  parts,  engraved  or  photographed  on  gkss. 
At  the  other  end  of  the  tube  is  a  collimating  lens,  at  the  distance  ot 
its  own  focal  length  from  the  scale;  and  the  collimator  is  set  so  thftt 
its  ^s  and  the  axis  of  the  telescope  make  equal  angles  with  the 
near  face  of  the  prism.  The  observer  thus  sees  in  the  telescope,  by 
reflection  from  the  surface  of  the  prism,  a  magnified  image  of  the 
scale,  serving  as  a  standard  of  reference  for  assigning  the  positions  of 
the  lines  in  any  spectrum  which  may  be  under  examination.  This 
arrangement  affords  great  facilities  for  rapid  observation. 

Another  plan  is,  for  the  arm  which  carries  the  telescope  to  be 
movable  round  a  graduated  circle,  the  telescope  being  furnished  with 
cross- wires,  which  the  observer  must  bring  into  coincidence  with  aoj 
line  whose  position  he  desires  to  measure. 

Arrangements  are  frequently  made  for  seeing  the  spectra  of  two 

different  sources  of  light  in  the  same  field  of  view,  one  half  of  the 

length  of  the  slit  being  illuminated  by  the  direct  rays  of 

one  of  the  sources,  while  a  reflector,  placed  opposite  the 

other  half  of  the  slit,  supplies  it  with  reflected  light 

derived  from  the  other  source.     This  method  should 

always  be  employed  when  there  is  a  question  as  to  the 

exact  coincidence  of  lines  in  the  two  spectra.    The  re- 

Fig.  717.      fleeter  is  usually  an  equilateral  prism.     The  liirht  enteis 

normally  at  one  of  its  faces,  is  totally  reflected  at  anoth^, 

and  emerges  normally  at  the  third,  as  in  the  annexed  sketch  (Fig. 

717,  where  the  dotted  line  represents  the  path  of  a  ray. 

A  one-prism  spectroscope  is  amply  sufficient  for  the  ordinary  pur- 
poses of  chemistry.  For  some  astronomical  applications  a  much 
greater  dispersion  is  required.  This  is  attained  by  making  the  light 
pass  through  a  number  of  prisms  in  succession,  each  being  set  in  the 
proper  position  for  giving  minimum  deviation  to  the  rays  which  have 
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passed  through  its  p^eceesor.  Fig.  718  represents  the  grouocl 
plan  of  such  a  battery  of  prisms,  and  shows  the  gradually  iacreaaing 
widtb  of  a  pencil  as  it  passes 
round  the  series  of  nine  prisms  od 
its  way  &om  the  collimator  to  the 
telescope  The  prisms  are  usual- 
ly connected  by  a  special  ar- 
rangement, which  enables  the 
observer,  by  a  single  movement, 
to  bring  all  the  prisms  at  once  into 
the  proper  position  for  giving 
minimum  deviation  to  the  parti- 
cular ray  under  examination,  a  po- 
sition which  differs  considerably 
for  rays  of  different  refrangibilitiea 

784.  Use  of  Collimator.— The 
introduction  of  a  collimating  lens, 
to  he  used  in  conjunction  with  a 

prism  and  observing  telescope,  U  Fig.Tis.-T«iao(PriB». 

due  to  Professor  Swan.^    Fraun- 

hofer  employed  no  collimator ;  but  his  prism  was  at  a  distance  of  2i 
feet  from  the  elit,  whereas  a  distance  of  less  than  1  foot  suffices  when 
a  collimator  is  used. 

It  is  obvious  that  homogeneous  light,  coming  from  a  point  at  the 
distance  of  a  foot,  and  &Uing  upon  the  whole  of  one  face  of  a  prism 
— aay  an  inch  in  width,  cannot  all  have  the  incidence  proper  for 
minimum  deviation.  Those  rays  which  very  nearly  fulfil  this  con- 
dition, will  concur  in  forming  a  tolerably  sharp  image,  in  the  posi- 
tion which  we  have  already  indicated.  The  emergent  rays  taken  as 
a  whole,  do  not  diverge  from  any  one  point,  but  are  tangents  to  a 
virtual  caustic  (§  714).  An  eye  receiving  any  portion  of  these  rays, 
will  see  an  image  in  the  direction  of  a  tangent  from  the  eye  to  the 
caustic;  and  this  image  will  be  the  more  blurred  as  the  deviation  is 
further  from  the  minimum.  When  the  naked  eye  is  employed,  and 
the  prism  is  so  adjusted  that  the  centre  of  the  pupil  receives  rays  of 
minimum  deviation,  a  distance  of  five  or  six  feet  between  the  prism 
and  slit  is  sufficient  to  give  a  sharp  image;  but  if  we  employ  an 
observing  telescope  whose  object-glass  is  five  times  larger  in  diameter 
than  the  pupil  of  the  eye,  we  must  increase  the  distaoce  between  the 

>  Tnau.  Ray.  Soc.  SdinhaTgh,  1S47  and  IS66. 
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prism  and  slit  five-fold  to  obtain  equally  good  definition.  A  ooSi- 
mating  lens,  if  achromatic  and  of  good  quality,  gives  the  advantage 
of  good  definition  without  inconvenient  length. 

When  exact  measures  of  deviation  are  required,  it  oonfeis  tbe 
further  advantage  of  altogether  dispensing  with  a  very  troublesooie 
correction  for  parallax. 

786.  Different  Kinds  of  Spectra. — ^The  examination  of  a  great  variefy 
of  sources  of  light  has  shown  that  spectra  may  be  divided  into  tbe 
following  classes: — 

1.  The  solar  spectrum  is  characterized,  as  already  observed,  bj  a 
definite  system  of  dark  lines  interrupting  an  otherwise  continaous 
succession  of  colours.  The  same  system  of  dark  lines  is  found  in  the 
spectra  of  the  moon  and  planets,  this  being  merely  a  consequenee 
of  the  fact  that  they  shine  by  the  reflected  light  of  the  son.  Tbe 
spectra  of  the  fixed  stars  also  contain  systems  of  dark  lines,  whidb 
are  different  for  different  stars. 

2.  The  spectra  of  incandescent  solids  and  liquids  are  completdj 
continuous,  containing  light  of  all  refrangibilities  from  the  extzeme 
rod  to  a  higher  limit  depending  on  the  temperature. 

3.  Flames  not  containing  solid  particles  in  suspension,  but  menij 
emitting  the  light  of  incandescent  gases,  give  a  discontinuoos  q)e^ 
trum,  consisting  of  a  finite  number  of  bright  lines.  Tbe  continnitT 
of  the  spectrum  of  a  gas  or  candle  fiame,  arises  from  the  &ei  that 
nearly  all  the  light  of  the  flame  is  emitted  by  incandescent  paitideB 
of  solid  carbon, — ^particles  which  we  can  easily  collect  in  tbe  fonn  of 
soot  When  a  gas-flame  is  fed  with  an  excessive  quantity  of  air,  ss 
in  Bunsen's  burner,  the  separation  of  the  solid  particles  of  carbon 
from  the  hydrogen  with  which  they  were  combined,  no  longer  takes 
place ;  the  combustion  is  purely  gaseous,  and  the  spectrum  of  tbe 
flame  is  found  to  consist  of  bright  lines.  When  the  electric  light  is 
produced  between  metallic  terminals,  its  spectrum  contains  bright 
lines  due  to  the  incandescent  vapour  of  these  metals,  together  with 
other  bright  lines  due  to  the  incandescence  of  the  oxygen  and  niizo- 
gen  of  the  air.  When  it  is  taken  between  charcoal  tenninaJs,  its 
spectrum  is  continuous;  but  if  metallic  particles  be  present^  tbe 
bright  lines  due  to  their  vapours  can  be  seen  as  welL 

The  spectrum  of  the  electric  discharge  in  a  Qeissler's  tube  oonaisti 
of  bright  lines  characteristic  of  the  gas  contained  in  the  tube. 

786.  Spectrum  Analysis. — As  the  spectrum  exhibited  by  a  ooni- 
pound  substance  when  subjected  to  the  action  of  heat^  ia  heqja&itij 
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foand  to  be  identical  with  the  spectram  of  one  of  its  constituents,  or 
to  consist  of  the  spectra  of  its  constituents  superimposed,^  the  spec- 
troscope affords  an  exceedingly  ready  method  of  performing  qualita- 
tive analysis. 

If  a  salt  of  a  metal  which  is  easily  volatilized  is  introduced  into  a 
Bunsen  lamp-flame,  by  means  of  a  loop  of  platinum  wire,  the  bright 
lines  which  form  the  spectrum  of  the  metal  will  at  once  be  seen  in 
a  spectroscope  directed  to  the  flame;  and  the  spectrum  of  the 
Bunion  flame  itself  is  too  faint  to  introduce  any  confusion.  For 
those  metals  which  require  a  higher  temperature  to  volatilize  them, 
electric  discharge  is  usually  employed  Geissler's  tubes  are  com- 
monly used  for  gase& 

Plate  IIL  contains  representations  of  the  spectra  of  several  of  the 
more  easily  volatilized  metals,  as  well  as  of  phosphorus  and  hydro- 
gen; and  the  solar  spectrum  is  given  at  the  top  for  comparison. 
The  bright  lines  of  some  of  these  substances  are  precisely  coincident 
with  some  of  the  dark  lines  in  the  solar  spectrum. 

The  fact  that  certain  substances  when  incandescent  give  definite 
bright  lines,  has  been  known  for  many  years,  from  the  researches  of 
Brewster,  Herschel,  Talbot,  and  others ;  but  it  was  for  a  long  time 
thought  that  the  same  line  might  be  produced  by  different  sub- 
stances, more  especially  as  the  bright  yellow  line  of  sodium  was 
often  seen  in  flames  in  which  that  metal  was  not  supposed  to  be 
presents  Professor  Swan,  having  ascertained  that  the  presence  of  the 
2,500,000th  part  of  a  grain  of  sodium  in  a  flame  was  sufficient  to 
produce  it,  considered  himself  justified  in  asserting,  in  1866,  that 
this  line  was  always  to  be  taken  as  an  indication  of  the  presence  of 
sodium  in  larger  or  smaller  quantity. 

But  the  greatest  advance  in  spectral  analysis  was  made  by  Bunsen 
and  Kirchhoff,  who,  by  means  of  a  four-prism  spectroscope,  obtained 
accurate  observations  of  the  positions  of  the  bright  lines  in  the 
spectra  of  a  great  number  of  substances,  as  well  as  of  the  dark  lines 
in  the  solar  spectrum,  and  called  attention  to  the  identity  of  several 
of  the  latter  with  several  of  the  former.  Since  the  publication  of 
their  researches,  the  spectroscope  has  come  into  general  use  among 
chemists,  and  has  already  led  to  the  discovery  of  four  new  metals, 
cesium,  rubidium,  thallium,  and  indium. 

787.  Seversal  of  Bright  Lines.    Analysis  of  the  Sun's  Atmosphere. 

^  These  appear  to  be  merely  ezamplea  of  the  diflsooiation  of  the  elements  of  a  f'hiymifml 
oomponnd  at  high  temperataree. 
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— It  may  seem  surprising  that,  while  incandescent  solids  and  liqaids 
are  found  to  give  continuous  spectra,  containing  rays  of  all  re&an- 
gibUities.  the  solar  spectrum  is  interrupted  by  dark  Unes  indicatJDg 
the  absence  or  relative  feebleness  of  certain  elementary  rays.  It 
seems  natural  to  suppose  that  the  deficient  rays  have  been  removed  bj 
selective  absorption,  and  this  conjecture  was  thrown  out  long  aince. 
But  where  and  how  is  this  absorption  produced?  These  questions 
have  now  received  an  answer  which  appears  completely  satis&cim. 

According  to  the  theory  of  exchanges,  which  has  beea  explain^ 
in  connection  with  the  radiation  of  heat  (§  312  c,  326),  every  sub- 
stance which  emits  certain  kinds  of  rays  to  the  exclusion  of  otheis, 
absorbs  the  same  kind  which  it  emits ;  and  when  its  temperature  is 
the  same  in  the  two  cases  compared,  its  emissive  and  absorbing  power 
are  precisely  equal  for  any  one  elementary  ray. 

When  an  incandescent  vapour,  emitting  only  rays  of  certain 
definite  refrangibilities,  and  therefore  having  a  spectrum  of  bright 
Unes,  is  interposed  between  the  observer  and  a  very  bright  soum 
of  lights  giving  a  continuous  spectrum,  the  vapour  allows  no  rays  of 
its  own  peculiar  kinds  to  pass ;  so  that  the  light  which  actually  comes 
to  the  observer  consists  of  transmitted  rays  in  which  these  particuhr 
kinds  are  wanting,  together  with  the  rays  emitted  by  the  vapour 
itself,  these  latter  being  of  precisely  the  same  kind  as  those  which  it 
has  refused  to  transmit  It  depends  on  the  relative  brightness  of  Ae 
two  sources  whether  these  particular  rays  shall  be  on  the  whole  in 
excess  or  defect  as  compared  with  the  rest.  If  the  two  sources  are 
at  all  comparable  in  brightness,  these  rays  will  be  greaUy  in  excess, 
inasmuch  as  they  constitute  the  whole  light  of  the  one,  and  only  a 
minute  fraction  of  the  light  of  the  other;  but  the  light  of  the  elecidc 
lamp,  or  of  the  lime-light^  is  usually  found  sufficiently  powerfbl  to 
produce  the  contrary  efiect ;  so  that  if,  for  example,  a  spirit-lamp  with 
salted  wick  is  interposed  between  the  slit  of  a  spectroscope  and  Uie 
electric  light,  the  bright  yellow  line  due  to  the  sodium  appears  Uack 
by  contrast  with  the  much  brighter  back-ground  whidi  belongs  to 
the  continuous  spectrum  of  the  charcoal  pointa  By  employing  only 
some  10  or  15  cells,  a  h'ght  may  be  obtained,  the  yellow  portion  of 
which,  as  seen  in  a  one-prism  spectroscope,  is  sensibly  equal  in 
brightness  to  the  yellow  line  of  the  sodium  flame,  so  that  this  line 
can  no  longer  be  separately  detected,  and  the  appearance  is  the  same 
whether  the  sodium  flame  be  interposed  or  removed. 

The  dark  lines  in  the  solar  spectrum  would  therefore  be  aceoonted 
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for  by  supposing  that  the  principal  portion  of  the  sun's  light  comes 
from  an  inner  stratum  which  gives  a  continuous  spectrum,  and  that 
a  layer  external  to  this  contains  vapours  which  absorb  particular 
rays,  and  thus  produce  the  dark  linea  The  stratum  which  gives 
the  continuous  spectrum  might  be  solid,  liquid,  or  even  gaseous,  for 
the  experiments  of  Frankland  and  Lockyer  have  shown  that,  as  the 
pressure  of  a  gas  is  increased,  its  bright  lines  broaden  out  into  bands, 
and  that  the  bands  at  length  become  so  wide  as  to  join  each  other 
and  form  a  continuous  spectrum  ^ 

Hydrogen,  potassium,  sodium,  calcium,  barium,  magnesium,  zinc* 
iron,  chromium,  cobalt,  nickel,  copper,  and  manganese  have  all  been 
proved  to  exist  in  the  sun  by  the  accurate  identity  of  position  of  their 
bright  lines  with  certain  dark  lines  in  the  sun's  spectrum. 

The  strong  line  D,  which  in  a  good  instrument  h  seen  to  consist 
of  two  lines  near  together,  is  due  to  sodium ;  and  the  lines  C  and  F 
are  due  to  hydrogen.  No  less  than  450  of  the  solar  dark  lines  have 
been  identified  with  bright  lines  of  iron. 

788.  Telespectroscope.  Solar  Sierra. — For  astronomical  investiga- 
tions, the  spectroscope  is  usually  fitted  to  a  telescope,  and  takes  the 
place  of  the  eye-piece,  the  slit  being  placed  in  the  principal  focus  of 
the  object-glass,  so  that  the  image  is  thrown  upon  it,  and  the  light 
which  enters  it  is  the  light  which  foims  one  strip  (so  to  speak)  of  the 
image,  and  which  therefore  comes  from  one  strip  of  the  object.  A 
telescope  thus  equipped  is  called  a  telespectroscopa  Extremely 
interesting  results  have  been  obtained  by  thus  subjecting  to  exami- 
nation a  strip  of  the  sun  s  edge,  the  strip  being  sometimes  tangential 
to  the  sun's  disk,  and  sometimes  radial.  When  the  former  arrange- 
ment is  adopted,  the  appearance  presented  is  that  depicted  in  fig.  2, 
Plate  III.,  consisting  of  a  few  bright  lines  scattered  through  a  back- 
ground of  the  ordinary  solar  spectrum.  The  bright  lines  are  due  to 
an  outer  layer  called  the  sierra  or  chromosphere,  which  is  thus  proved 
to  be  vaporous.  The  ordinary  solar  spectrum  which  accompanies 
it,  is  due  to  that  part  of  the  sun  from  which  most  of  our  light  is 
derived.  This  part  is  called  the  photosphere,  and  if  not  solid  or 
liquid,  it  must  consist  of  vapour  so  highly  compressed  that  its  pro- 
perties approximate  to  those  of  a  liquid. 

When  the  slit  is  placed  radially,  in  such  a  position  that  only  a 

^  The  gradual  transition  from  a  spectrum  of  bright  lines  to  a  continuous  spectrum  may 
be  held  to  be  an  illustration  of  the  continuous  transition  which  can  be  effected  from  the 
condition  of  oxdinttiy  gas  to  that  of  ordinary  liquid  (§  246  a). 
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small  portion  of  its  length  receives  light  from  the  body  of  the  sim, 
the  spectra  of  the  photosphere  and  chromosphere  are  seen  in  imme- 
diate contiguity,  and  the  bright  lines  in  the  latter  (notably  those  of 
hydrogen,  Na  14,  Plate  IIL)  are  observed  to  form  oontinualaons  of 
some  of  the  dark  lines  of  the  former. 

The  chromosphere  is  so  much  less  bright  than  the  pfaotosphoe, 
that,  until  a  few  years  since^  its  existence  was  never  revealed  except 
during  total  eclipses  of  the  sun,  when  projecting  portions  of  it  (firom 
which  it  derives  its  name  of  sierra)  were  seen  extending  beyond  the 
dark  body  of  the  moon.  The  spectrum  of  these  projecting  pOTtioDs, 
which  have  been  variously  called  "  prominences,"  "  red  flames,"  and 
"rose-coloured  protuberances,"  was  first  observed  during  the  "Indian 
eclipse"  of  1868,  and  was  found  to  consist  of  bright  lines^  indading 
those  of  hydrogen.  From  their  excessive  brightness^  M.  Janasen,  who 
was  one  of  the  observers,  expressed  confidence  that  he  should  be  able 
to  see  them  in  full  sunshine ;  and  the  same  idea  had  been  alreadj 
conceived  and  published  by  Mr.  Lockyer.  The  expectation  vas 
shortly  afterwards  realized  by  both  these  observers,  and  the  chromo- 
sphere has  ever  since  been  an  object  of  daily  observation.  The  visi- 
bility of  the  chrofnosphere  lines  in  full  sunshine,  depends  upon  the 
principle  that^  while  a  continuous  spectrum  is  extended,  and  there- 
fore made  fainter,  by  increased  dispersion,  a  bright  line  in  a  spectrum 
is  not  sensibly  broadened,  and  therefore  loses  very  little  of  its  in- 
trinsic brightness  (§  791).  Very  high  dispersion,  attainable  only  bj 
the  use  of  a  long  train  of  prisms,  is  necessary  for  this  puipoaa 

Still  more  recently,  by  opening  the  slit  to  about  the  average  widdi 
of  the  prominence-region,  as  measured  on  the  image  of  the  sun  which 
is  thrown  on  the  slit,  it  has  been  found  possible  to  see  the  wbde  of 
an  average-sized  prominence  at  one  view.  This  will  be  undeistood 
by  remembering  that  a  bright  line  as  seen  in  a  spectrum  is  a  nK>no- 
chromatic  image  of  the  illuminated  portion  of  the  slit,  or  when  a  tele- 
spectroscope  is  used,  as  in  the  present  case,  it  is  a  monocfaromatic 
image  of  one  strip  of  the  image  formed  by  the  object-glass,  namely, 
that  strip  which  coincides  with  the  slit.  If  this  strip  then  contains 
a  prominence  in  which  the  elementary  rajns  C  and  F  (Na  2,  Plate  HL) 
are  much  stronger  than  in  the  rest  of  the  strip,  a  red  image  of  ^t 
prominence  will  be  seen  in  the  part  of  the  spectrum  correspondiog 
to  the  line  G,  and  a  blue  image  in  the  place  corresponding  to  the 
line  F.  This  method  of  observation  requires  greater  dispersion  than 
is  necessary  for  the  mere  detection  of  the  chromosphere  lines;  the 
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dispersion  required  for  enabling  a  bright-line  spectrum  to  predominate 
over  a  continuous  spectrum  being  always  nearly  proportional  to  the 
width  of  the  slit  (§  791). 

Of  the  nebulae,  it  is  well  known  that  some  have  been  resolved  by 
powerful  telescopes  into  clusters  of  stars^  while  others  have  as  yet 
proved  irresolvable.  Huggins  has  found  that  the  former  class  of 
nebulae  give  spectra  of  the  same  general  character  as  the  sun  and  the 
fixed  stars,  but  that  some  of  the  latter  class  give  spectra  of  bright 
lines,  indicating  that  their  constitution  is  gaseous. 

789.  Displaoement  of  Lines  consequent  on  Celestial  Hotions. — ^Ac- 
cording to  the  undulatory  theory  of  light,  which  is  now  universally 
accepted,  the  fundamental  difference  between  the  different  rays 
which  compose  the  complete  spectrum,  is  a  difference  of  waye- 
fi^quency,  and,  as  connected  with  this,  a  difference  of  wave-length 
in  any  given  medium,  the  rays  of  greatest  wave-frequency  or  shortest 
wave-length  being  the  most  refrangible. 

Doppler  first  ciJled  attention  to  the  change  of  refrangibility  which 
must  be  expected  to  ensue  from  the  mutual  approach  or  i^ecess  of  the 
observer  and  the  source  of  light,  the  expectation  being  grounded  on 
reasoning  which  we  have  explained  in  connection  with  acoustics 
(§653a). 

Doppler  adduced  this  principle  to  explain  the  colours  of  the  fixed 
stars,  a  purpose  to  which  it  is  quite  inadequate;  but  it  haB  rendered 
veiy  important  service  in  connection  with  spectroscopic  research. 
Displacement  of  a  line  towards  the  more  refrangible  end  of  the  spec-' 
trum,  indicates  approach,  displacement  in  the  opposite  direction  indi- 
cates recess,  and  the  velocity  of  approach  or  recess  admits  of  being 
calculated  from  the  observed  displacement. 

When  the  slit  of  the  spectroscope  crosses  a  spot  on  the  sun's  disc, 
the  dark  lines  lose  their  straightness  in  this  part,  and  are  bent,  some- 
times to  one  side,  sometimes  to  the  other.  These  appearances  clearly 
indicate  uprush  and  downrush  of  gases  in  the  sun's  atmosphere  in 
the  region  occupied  by  the  spot 

Huggins  has  observed  a  displacement  of  the  F  line  towards  the 
red  end,  in  the  spectrum  of  Sirius,  as  compared  with  the  spectrum 
of  the  sun  or  of  hydrogen.  The  displacement  is  so  small  as  only  to 
admit  of  measurement  by  very  powerful  instrumental  appliances; 
but,  small  as  it  is,  calculation  shows  that  it  indicates  a  motion  of 
recess  at  the  rate  of  about  30  miles  per  second.^ 

^  The  obsenred  displAoement  corresponded  to  recess  at  the  rate  of  41*4  miles  per  second ; 
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790.  Spectra  of  Artifleial  Lights. — The  spectra  of  the  attifidal 
lights  in  ordinary  use  (including  gas,  oil-lamps,  and  candles)  difiPer 
fix>m  the  solar  spectrum  in  the  relative  brightness  of  the  different 
colours,  as  well  as  in  the  entire  absence  of  dark  lines.  They  are 
comparatively  strong  in  red  and  green,  but  weak  in  blue;  hence  all 
colours  which  contain  much  blue  in  their  composition  appear  to 
disadvantage  by  gas-light. 

It  is  possible  to  find  artificial  lights  whose  spectra  are  of  a  com- 
pletely different  character.  The  salts  of  strontium,  for  example,  give 
red  light,  composed  of  the  ingredients  represented  in  spectrum 
No.  10,  Plate  III.,  and  those  of  sodium  yellow  light  (No.  3,  Plate  III) 
If  a  room  is  illuminated  by  a  sodium  flame  (for  example,  by  a  spirit- 
lamp  with  salt  sprinkled  on  the  wick),  all  objects  in  the  room  will 
appear  of  a  uniform  colour  (that  of  the  flame  itself),  differing  only 
in  brightness,  those  which  contain  no  yellow  in  their  spectnim  as 
seen  by  day-light  being  changed  to  black.  The  human  couutenance 
and  hands  assume  a  ghastly  hue,  and  the  lips  are  no  longer  red 

A  similar  phenomenon  is  observed  when  a  coloured  body  is  held 
in  different  parts  of  the  solar  spectrum  in  a  dark  room,  so  as  to  be 
illuminated  by  different  kinds  of  monochromatic  light.  The  object 
either  appears  of  the  same  colour  as  the  light  which  falls  upon  it,  or 
else  it  refuses  to  reflect  this  light  and  appears  black.  Hence  a  screen 
for  exhibiting  the  spectrum  should  be  white. 

791.  Brightness  and  Purity. — The  laws  which  determine  the  bright- 
ness of  images  generally,  and  which  have  been  expounded  at  some 
length  in  the  preceding  chapter,  may  be  applied  to  the  spectroscope. 
We  shall,  in  the  first  instance,  neglect  the  loss  of  light  by  reflection 
and  imperfect  transmission. 

Let  A  denote  the  pHsmatic  dispersion,  as  measured  by  the  angular 
separation  of  two  specified  monochromatic  images  when  the  naked 
eye  is  applied  to  the  last  prism,  the  observing  telescope  being  re- 
moved.    Then,  putting  'm  for  the  linear  magnifying  power  of  the 

but  12'0  of  this  muBt  be  deducted  for  the  motion  of  the  earth  in  its  orbit  at  the  seiwii  of 
the  year  when  the  observation  was  made.  The  remainder,  29*4^  is  therefore  the  rate  at 
which  the  distance  between  the  sun  and  Sirius  is  increasing. 

In  a  more  recent  paper,  read  while  this  volume  was  going  through  the  press.  Dr.  Hog- 
gins gives  the  results  of  observations  with  more  powerful  instrumental  appliances.  Hw 
recess  of  Sirius  is  found  to  be  only  20  miles  per  second.  Arcturus  is  approaching  at  the 
rate  of  50  miles  per  second.  Community  of  motion  has  been  established  in  certain  sets  of 
stars ;  and  the  belief  previously  held  by  astronomers,  as  to  the  direction  in  which  the  solir 
system  is  moving  with  respect  to  the  stars  as  a  whole,  is  fully  confinned. 
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telescope,  mA  is  the  angular  separation  observed  when  the  eye  is 
applied  to  the  telescope.     We  shall  call  mA  the  total  dispersion. 

Let  0  denote  the  angle  which  the  breadth  of  the  slit  subtends 
at  the  centre  of  the  collimating  lens,  and  which  is  measured  by 

focal  length  of  lena*  ^^^^  ^  ^  ^^^  ^^®  apparent  breadth  of  any  absolutely 
monochromatic  image  of  the  slit,  formed  by  rays  of  minimum  devia- 
tion,as  seen  by  an  eye  applied  either  to  the  first  prism,  the  last  prism, 
or  any  one  of  the  train  of  prisms.  The  change  produced  in  a  pencil  of 
monochromatic  rays  by  transmission  through  a  prism  at  minimum 
deviation,  is  in  fact  simply  a  change  of  direction,  without  any  change 
of  mutual  inclination;  and  thus  neither  brightness  nor  apparent  size 
is  at  all  affected.  In  ordinary  cases,  the  bright  lines  of  a  spectrum 
may  be  regarded  as  monochromatic,  and  their  apparent  breadth,  as 
seen  without  the  telescope,  is  sensibly  equal  to  0.  Strictly  speaking, 
the  effect  of  prismatic  dispersion  in  actual  cases,  is  to  increase  the 
apparent  breadth  by  a  small  quantity,  which,  if  all  the  prisms  are 
alike,  is  proportional  to  the  number  of  prisms;  but  the  increase  is 
usually  too  small  to  be  sensible. 

Let  I  denote  the  intrinsic  brightness  of  the  source  as  regards  any 
one  of  its  (approximately)  monochromatic  constituents;  in  other 
words,  the  brightness  which  the  source  would  have  if  deprived  of  all 
its  light  except  that  which  goes  to  form  a  particular  bright  line. 
Then,  stUl  neglecting  the  light  stopped  by  the  instrument,  the  bright- 
ness of  this  line  as  seen  without  the  aid  of  the  telesc6pe  will  be  I ; 
and  as  seen  in  the  telescope  it  will  either  be  equal  to  or  less  than 
this,  according  to  the  magnifying  power  of  the  telescope  and  the 
effective  aperture  of  the  object-glass  (§  769).  If  the  breadth  of  the 
slit  be  halved,  the  breadth  of  the  bright  line  will  be  halved,  and  its 
brightness  will  be  unchanged.  These  conclusions  remain  true  so  long 
as  the  bright  line  can  be  regarded  as  practically  monochromatia 

The  brightness  of  any  part  of  a  continuous  spectrum  follows  a 
very  different  law.  It  varies  directly  as  the  width  of  the  slit,  and 
inversely  as  the  prismatic  dispersion.     Its  value  without  the  ob- 

serving  telescope,  or  its  maximum  value  with  a  telescope,  is  -^  i, 
where  i  is  a  coefficient  depending  only  on  the  source. 

The  purity  of  any  part  of  a  continuous  spectrum  is  properly  mea- 
sured by  the  ratio  of  the  distanxie  between  two  specified  mono- 
chTomatic  images  to  the  breadth  of  either,  the  distance  in  question 
being  measured  from  the  centre  of  one  to  the  centre  of  the  other. 

64 
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This  ratio  is  unaffected  by  the  employment  of  an  observing  telesa^ 

and  is-^. 

The  ratio  of  the  brightness  of  a  bright  line  to  that  of  the  adjaomt 

portion  of  a  continuous  spectrum  forming  its  back-ground,  is  -^ 

assuming  the  line  to  be  so  nearly  monochromatic  that  the  increas 
of  its  breadth  produced  by  the  dispersion  of  the  prisms  is  an  insigni- 
ficant fraction  of  its  whole  breadth.  As  we  widen  the  slit^  simI  so 
increase  0,  we  must  increase  A  in  the  same  ratio,  if  we  wish  to 

preserve  the  same  ratio  of  brightness.    As  y  is  increased  indefinitelj, 

the  predominance  of  the  bright  lines  does  not  increase  indefinitelj, 
but  tends  to  a  definite  limit,  namely,  to  the  predominance  whicb 
they  would  have  in  a  perfectly  pure  spectrum  of  the  given  souita 

The  loss  of  light  by  refiection  and  imperfect  transmission,  increase 
with  the  number  of  surfaces  of  glass  which  are  to  be  trav^sed;  so 
that,  with  a  long  train  of  piisms  and  an  observing  telescope,  tin 
actual  brightness  will  always  be  much  less  than  the  theoretical  farigiit- 
ness  as  above  computed. 

The  actual  purity  is  always  less  than  the  theoretical  purity,  beiog 
greatly  dependent  on  freedom  firom  optical  imperfections;  and  these 
can  be  much  more  completely  avoided  in  lenses  than  in  prisms  B 
is  said  that  a  single  good  prism,  with  a  first-dass  collimator  aztd 
telescope,  (as  originally  employed  by  Swan,)  gives  a  spectrum  mnJi 
more  free  fr(^  blurring  than  the  modern  multiprism  spectroscopes, 
when  the  total  dispersion  mA  is  the  same  in  both  the  cases  oqid- 
pared. 

792.  Chromatic  Aberration. — The  unequal  refi^n^bility  of  the 
different  elementary  rays  is  a  source  of  grave  inconvenience  in  con- 
nection with  lensea  The  focal  length  of  a  lens  depends  upon  its 
index  of  refraction,  which  of  course  increases  with  refrangibility,  the 
focal  length  being  shortest  for  the  most  refrangible  raya  Thus  a 
lens  of  uniform  material  will  not  form  a  single  white  image  of  a 
white  object,  but  a  series  of  images,  of  all  the  colours  of  the  spectnuor 
arranged  at  different  distances,  the  violet  images  being  nearest,  and 
the  red  most  remote.  If  we  place  a  screen  anywhere  in  the  series  at 
images,  it  can  only  be  in  the  right  position  for  one  colour.  Evenr 
other  colour  will  give  a  blurred  image,  and  the  superposition  of  then 
all  produces  the  image  actually  formed  on  the  screen.  If  the  object 
be  a  uniform  white  spot  on  a  black  ground,  its  image  on  the  screes 
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will  consist  of  white  in  its  central  parts,  gradually  merging  into  a 
coloured  fringe  at  its  edge.  Sharpness  of  outline  is  thus  rendered 
impossible,  and  nothing  better  can  be  done  than  to  place  the  screen 
at  the  focal  distance  corresponding  to  the  brightest  part  of  the  spec* 
trum.  Similar  indistinctness  will  attach  to  images  observed  in  mid- 
air, whether  directly  or  by  means  of  another  lena  This  source  of 
confusion  is  called  chromatic  aberration, 

793.  Possibility  of  Achromatism. — In  order  to  ascertain  whether  it 
was  possible  to  remedy  this  evil  by  combining  lenses  of  two  different 
materials,  Newton  made  some  trials  with  a  compound  prism  com- 
posed of  glass  and  water  (the  latter  containing  a  little  sugar  of  lead), 
and  he  found  that  it  was  not  possible,  by  any  arrangement  of  these 
two  substances,  to  produce  deviation  of  the  transmitted  light  without 
separation  into  its  component  colours.  Unfortunately  he  did  not 
extend  his  trials  to  other  substances,  but  concluded  at  once  that  an 
achromatic  prism  (and  hence  also  an  achromatic  lens)  was  an  impos- 
sibility; and  this  conclusion  was  for  a  long  time  accepted  as  indis- 
putabla  Mr.  Hall,  a  gentleman  of  Worcestershire,  was  the  first  to 
show  that  it  was  erroneous,  and  is  said  to  have  constructed  some 
achromatic  telescopes;  but  the  important  fact  thus  discovered  did 
not  become  generally  known  till  it  was  rediscovered  by  Dollond,  an 
eminent  London  optician,  in  whose  hands  the  manufacture  of  achro- 
matic instruments  attained  great  perfection. 

794.  Conditions  of  Achromatism. — The  conditions  necessary  for 
achromatism  are  easily  explained.  The  angular  separation  between 
the  brightest  red  and  the  brightest  violet  ray  transmitted  through  a 
prism  is  called  the  dispersion  of  the  prism,  and  is  evidently  the  differ- 
ence of  the  deviations  of  these  raya  These  deviations,  for  the  position 
of  minimum  deviation  of  a  prism  of  small  refracting  angle  A,  are 
(/i' — 1)  A  and  (ft' — 1)  A,  fi  and  /i"  denoting  the  indices  of  refraction  for 
the  two  rays  considered — §  739,  equation  (1) — and  their  difference  is 
(fi'—fi)  A.  This  difference  is  always  small  in  comparison  with  either 
of  the  deviations  whose  difference  it  is,  and  its  ratio  to  either  of  them, 
or  more  accurately  its  ratio  to  the  value  of  (/i—  1)  A  for  the  brightest 
part  of  the  spectrum,  is  called  the  dispersive  power  of  the  substance. 
As  the  common  factor  A  may  be  omitted,  the  formula  for  the  dis- 
persive power  is  evidently  ^^-^y* 

If  this  ratio  were  the  same  for  all  substances,  as  Newton  supposed, 
achromatism  would  be  impossible ;  but  in  fact  its  value  varies  greatly, 
and  is  greater  for  flint  than  for  crown  glass.     If  two  prisms  of  these 
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substances,  of  small  refracting  angles,  be  combined  into  one^  viih 
their  edges  turned  opposite  ways,  they  will  achromatize  one  anotber 
if  (jA"'ft)A,  or  the  product  of  deviation  by  dispersive  power,  is  the 
same  for  both.  As  the  deviations  can  be  made  to  have  any  ratio  ve 
please  by  altering  the  angles  of  the  prisms,  the  condition  is  evidently 
possible. 

The  deviation  which  a  simple  ray  undergoes  in  traversing  a  \&^ 

at  a  distance  .  from  the  a^,  is  f  f  denoting  the  focal  lengft  of  the 

lens  (§  739),  and  the  separation  of  the  red  and  violet  constituents 
of  a  compound  ray  is  the  product  of  this  deviation  by  the  disperare 
power  of  the  material.  If  a  convex  and  concave  lens  are  combined, 
fitting  closely  together,  the  deviations  which  they  produce  in  a  raj 
traversing  both,  are  in  opposite  directions,  and  so  also  are  the  dis- 
persions. If  we  may  regard  x  as  having  the  same  value  for  both  >^ 
supposition  which  amounts  to  neglecting  the  thicknesses  of  the  lenses 
in  comparison  with  their  focal  lengths)  the  condition  of  no  resdtaiit 
dispersion  is  that  -, 

dispersive  power  x   -7 

has  the  same  value  for  both  lenses.  Their  focal  lengths  must  there- 
fore be  directly  ae  the  dispersive  powers  of  their  maiericUs.  Jbst 
latter  are  about  *033  for  crown  and  052  for  flint  glasa  A  coots;- 
ing  achromatic  lens  usually  consists  of  a  double  convex  lens  of  cnnm 
fitted  to  a  diverging  meniscus  of  fiint  In  every  achromatic  com- 
bination of  two  pieces,  the  direction  of  resultant  devicUion  is  tbi 
due  to  the  piece  of  smaller  dispersive  'power. 

The  definition  above  given  of  dispersive  power  is  rather  looseL  To 
make  it  accurate,  we  must  specify,  by  reference  to  the  "fixed  fines," 
the  precise  positions  in  the  spectrum  of  the  two  rays  whose  sepcnr 
tion  we  consider. 

Since  the  distances  between  the  fixed  lines  have  diflferent  propor- 
tions for  crown  and  flint  glass,  achromatism  of  the  whole  spectrom  is 
impossible.  With  two  pieces  it  is  possible  to  unite  any  two  selected 
rays,  with  three  pieces  any  three  selected  rays,  and  so  on.  It  is 
considered  a  sign  of  good  achromatism  when  no  colours  can  le 
brought  into  view  by  bad  focussing  except  purple  and  green. 

795.  Achromatic  Eye-pieces. — The  eye-pieces  of  microscopes  aad 
astronomical  telescopes,  usually  consist  of  two  lenses  of  the  same  kind 
of  glass,  so  arranged  as  to  counteract,  to  some  extent,  the  sph^icsl 
and  chromatic  aberrations  of  the  object-glass.     The  positive  eye-piece. 
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invented  by  Bamsdeo,  is  suited  for  obserratioii  with  croBS-wires  or 
micrometers;  the  negative  eye-piece,  invented  by  Huyghens,  is  not 
adapted  for  pnrpoaeB  of  measurement,  but  is  preferred  when  distinct 
vision  is  the  sole  requiate.  These  eye-pieces  are  commonly  caUod 
achromatic,  but  their  achromatism  is  in  a  manner  spurioua  It  con- 
sists not  in  bringing  the  red  and  violet  imagee  into  true  coincidence, 
but  merely  in  causing  one  to  cover  the  other  as  seen  from  the  posi- 
tion occupied  by  the  observer's  eye 

In  the  best  opera^glasses  QJ  764),  the  eye-piece,  as  well  as  the  ob- 
jecfc-glaaa,  is  composed  of  lenses  of  flint  and  crown  so  combined  as 
to  he  acbromaUc  in  the  more  proper  sense  of  the  word. 

796.  Rainbow. — The  unequal  refrangibility  of  the  different  ele- 
mentary rays  furnishes  a  complete  explanation  of  the  ordinary  phe- 
nomena of  rainbows.  The  explanation  was  first  given  by  Newton, 
who  conflrmed  it  by  actual  measurement 

It  is  well  known  that  rainbows  are  seen  when  the  sun  is  shining 
on  drops  of  water.  Sometimes  one  bow  is  seen,  sometimes  two,  each 
of  them  presenting  colours  resembling  those  of  the  solar  spectrum. 
When  there  is  only  one  bow,  the  red  arch  is  above  and  the  violet 
below.  When  there  ia  a  second  bow,  it  is  at  some  distance  outside 
of  this,  has  the  colours  in  reverse  order,  and  is  usually  less  bright 

Kainbows  are  often  observed  in  the  spray  of  cascades  and  fountains, 
when  the  sun  is  shining. 

In  every  case,  a  line  join- 
ing the  observer  to  the  sun 
is  the  azb  of  the  bow  or 
bows;  that  is  to  say,  all 
parts  of  the  length  of  the 
bow  are  at  the  same  angu- 
lar distance  firom  the  sun. 

The  formation  of  the  pri- 
mary bow  is  illustrated  by 
Fig.  719.  A  ray  of  solar 
light,  falling  on  a  spherical 
drop  of  water,  in  the  direc- 
tion SI,  is  refracted  at  I,  Fig.m-p™i""u™'>'P'i"»iTBo-. 
then  reflected  internally  from 

the  back  of  the  drop,  and  again  refracted  into  the  air  in  the  direction 
I'M.  If  we  take  diflerent  points  of  incidence,  we  shall  obtain  difler- 
ent  directions  of  emergence,  so  that  the  whole  light  which  emerges 
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from  the  drop  after  undergoing,  as  in  the  figure,  two  refinactions  and 
one  reflection,  forms  a  widely-divergent  pencil     Some  portioiis  of 
this  pencil,  however,  contain  very  little  light     This  is  especially  the 
case  with  those  rays  which,  having  been  incident  nearly  normallj, 
are  returned  almost  directly  back,  and  also  with  those  which  vere 
almost  tangential  at  incidence.     The  greatest  condensation,  as  I^ 
gards  any  particular  species  of  elementary  ray,  occurs  at  that  put 
of  the  emergent  pencil  which  makes  the  smallest  obtuse  angle  or 
the  greatest  acute  angle  with  the  direction  of  incidence.     As  the  ob- 
tuse angle  is  the  measure  of  the  deviation,  the  direction  of  greftt«st 
condensation  is  the  direction  of  minimum  deviation^      It  is  bj 
means  of  rays  which  have  undergone  this  minimum  deviation,  thai 
the  observer  sees  the  corresponding  colour  in  the  bow ;  and  the  deTo- 
tion  which  they  have  undergone  is  evidently  equal  to  the  angnhr 
distance  of  this  part  of  the  bow  from  the  sun. 

The  minimum  deviation  will  be  greatest  for  those  rays  which  nt 
most  refrangible.  If  the  figure,  for  example,  be  supposed  to  represesc 
the  circumstances  of  minimum  deviation  for  violet,  we  shall  oUsis 
smaller  deviation  in  the  case  of  red,  even  by  giving  the  angle  I AI 
the  same  value  which  it  has  in  the  case  of  minimum  deviation  is 
violet,  and  still  more  when  we  give  it  the  value  which  coire^KHids 
to  the  minimum  deviation  of  red.  The  most  refrangible  colomsiR 
accordingly  seen  furthest  from  the  sun.  The  efiect  of  the  rays  which 
undergo  dther  than  minimum  deviation,  is  to  produce  a  border  d 
white  light  on  the  side  remote  from  the  sun ;  that  is  to  say,  cm  die 
inner  edge  of  the  bow.^ 

The  condensation  which  accompanies  minimum  deviation,  is  merdj 
a  particular  case  of  the  general  mathematical  law  that  magDiiodes 
remain  nearly  constant  in  the  neighbourhood  of  a  maximom  or 
minimum  value.  A  small  parallel  pencil  S I  incident  at  and  aroand 
the  precise  point  which  corresponds  to  minimum  deviation,  will  this 

^  When  the  drops  are  very  uniform  in  size,  a  aeries  of  faint  SttpemicMcrcD^r  boa,  iBa^ 
nately  purple  and  green,  is  sometimes  seen  beneath  the  primary  bow.  Them  bows  ase 
produced  by  the  mutual  interference  of  rays  which  have  undergone  other  than  ininwiiia 
deviation,  and  the  interference  arises  in  the  following  way.  Any  two  parallel  dizecti<as 
of  emergence,  for  rays  of  a  given  refrangibilty,  correspond  in  general  to  two  difoent 
of  incidence  on  any  given  drop,  one  of  the  two  incident  rays  being  more  neariy 
and  the  other  more  nearly  tangential  to  the  drop  than  the  ray  of  minimimi 
These  two  rays  have  pursued  dissimilar  paths  in  the  drop,  and  are  in  different  pibasei 
tliey  reach  the  observer's  eye.  The  difference  of  phase  may  amount  to  one,  two,  t&ree,  op 
more,  exact  wave-lengths,  and  thus  one,  two,  three,  or  more  supemtoiiGniy  bows  may  be 
formed.  The  distances  between  the  supernumerary  bows  will  be  greater  as  the  drofK  of 
water  are  smaller.     This  explanation  is  due  to  Dr.  Thomas  Toung. 


Kg,  720.— Prodootloo  of 


agree  with  observation.     The 
distance  from  the  antisolar  point. 
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have  deviatioDS  which  may  be  regarded  as  equal,  and  will  accord- 
ingly remain  sensibly  parallel  at  emergence.     A  parallel  pencil  in- 
cideat  on  any  other  part  of  the 
drop,  wilt  be  divergent  at  emer- 
gence. 

The  indices  of  refraction  for 
red  and  violet  rays  from  air 
into  water  are  respectively  ^ 
and  V*^,  and  calculation  shows 
that  the  distances  from  the 
centre  of  the  sun  to  the  parts 
of  the  bow  in  which  these 
colours  are  strongest  should  be 
the  supplements  of  42°  2'  and 
40°  17'  respectively.  These 
angles  4i2°  2'  and  40°  17'  are 
which  ia  always  the  cen- 
tre of  the  bow. 

The  rays  which  form 
the  secondary  bow  have 
undergone  two  internal 
reflections,  as  repre- 
sented in  Fig.  720,  and 
here  again  a  special  con- 
centration occurs  in  the 
direction  of  minimum 
deviation.  This  devia- 
tion is  greater  than  1 80°, 
and  is  greatest  for  the 
most  refrangible  rays. 
The  distance  of  the  arc 
thus  formed  from  the 
sun's  centre,  is  360°  TaiTi- 
IM  the  deviation,  and  is 
accordingly  least  for  the 
most  refrangible  rays.  Thus  the  violet  arc  ia  nearest  the  sun,  and 
the  red  furthest  from  it,  in  the  secondary  bow. 

Some  idea  of  the  relative  situations  of  the  eye,  the  sun,  and  the 
drops  of  water  in  which  the  two  bows  are  formed,  may  be  obtained 
from  an  inspection  of  Fig.  721. 
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797.  Colour  as  a  Property  of  Opaque  Bodies. — A  body  which  reflects 
(by  irregular  reflection)  all  the  rays  of  the  spectrum  in  equal  propor- 
tion, will  appear  of  the  same  colour  as  the  light  which  fisJls  upon  it; 
that  is  to  say»  in  ordinary  cases,  white  or  gray.  But  the  majority  of 
bodies  reflect  some  rays  in  larger  proportion  than  others,  and  are 
therefore  coloured,  their  colour  being  that  which  arises  from  the 
mixture  of  the  rays  which  they  reflect  A  body  reflecting  no  light 
would  be  perfectly  black.  Practically,  white,  gray,  and  black  diffff 
only  in  brightness.  A  piece  of  white  paper  in  shadow  appears  gray, 
and  in  stronger  shadow  black. 

798.  Colour  of  Transparent  Bodies. — A  transparent  body,  seen  by 
transmitted  light,  is  coloured,  if  it  is  more  transparent  to  some  rays 
than  to  others,  its  colour  being  that  which  results  from  mixing  th€ 
transmitted  rays.  No  new  ingredient  is  added  by  transmission,  bui 
certain  ingredients  are  more  or  less  completely  stopped  out 

Some  transpa];ent  substances  appear  of  very  different  coIouts 
according  to  their  thicknesa  A  solution  of  chloride  of  chromium, 
for  example,  appears  green  when  a  thin  layer  of  it  is  examined,  while 
a  greater  thickness  of  it  presents  the  appearance  of  reddish  browa 
In  such  cases,  different  kinds  of  rays  successively  disappear  by  selec- 
tive absorption,  and  the  transmitted  light,  being  always  the  sum  oi 
the  rays  which  remain  unabsorbed,  is  accordingly  of  different  com- 
position according  to  the  thickness. 

When  two  pieces  of  coloured  glass  are  placed  one  behind  the  otli^, 
the  light  which  passes  through  both  has  undergone  a  double  process 
of  selective  absorption,  and  therefore  consists  mainly  of  those  lap 
which  are  abundantly  transmitted  by  both  glasses;  or  to  speak 
broadly,  the  colour  which  we  see  in  looking  through  the  combinaiiofi 
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Ib  not  the  sum  of  the  colours  of  the  two  glasses,  but  their  common 
part  Accordingly,  if  we  combine  a  piece  of  glass  coloured  red  with 
oxide  of  copper,  and  transmitting  light  which  consists  almost  entirely 
of  red  rays,  with  a  blue  or  violet  glass  of  about  the  same  depth  of 
tint,  and  transmitting  hardly  any  red,  the  combination  wiU  be  almost 
black.  The  light  transmitted  through  two  glasses  of  different  colour, 
and  of  the  same  depth  of  tint,  is  always  less  than  would  be  trans- 
mitted by  a  double  thickness  of  either;  and  the  colour  of  the  trans- 
mitted light  is  in  most  cases  a  colour  which  occupies  in  the  spectrum 
an  intermediate  place  between  the  two  given  colours.  Thus,  if  the 
two  glasses  are  yellow  and  blue,  the  transmitted  light  will,  in  most 
cases,  be  green,  since  most  natural  yellows  and  blues  when  analyzed 
by  a  prism  show  a  large  quantity  of  green  in  their  composition. 
Similar  effects  are  obtained  by  mixing  coloured  liquids 

799.  Colours  of  Mixed  Powders. — *'In  a  coloured  powder,  each  par- 
ticle is  to  be  regarded  as  a  small  transparent  body  which  colours  light 
by  selective  absorption.  It  is  true  that  powdered  pigments  when 
taken  in  bulk  are  extremely  opaque.  Nevertheless,  whenever  we 
have  the  opportunity  of  seeing  these  substances  in  compact  and 
homogeneous  pieces  before  they  have  been  reduced  to  powder,  we 
find  them  transparent,  at  least  when  in  thin  slices.  Cinnabar, 
chroraate  of  lead,  verdigris,  and  cobalt  glass  are  examples  in  point 

"When  light  falls  on  a  powder  thus  composed  of  transparent  par- 
ticles, a  small  part  is  reflected  at  the  upper  surface ;  the  rest  penetrates, 
and  undergoes  partial  reflection  at  some  of  the  surfaces  of  separation 
between  the  particles.     A  single  plate  of  uncoloured  glass  reflects  ^ 
of  normally  incident  light;  two  plates  yV>  ^^^  *  large  number  nearly 
the  whole.     In  the  powder  of  such  glass,  we  must  accordingly  con- 
clude that  only  about  -^  of  normally  incident  light  is  reflected  from 
the  first  surface,  and  that  all  the  rest  of  the  light  which  gives  the 
powder  its  whiteness  comes  from  deeper  layers.    It  must  be  the 
same  with  the   light  reflected  from  blue  glass;    and  in  coloured 
powders  generally  only  a  very  small  part  of  the  light  which  they 
refl.ect  comes  from  the  first  surface;  it  nearly  all  comes  from  beneath,. 
The  light  reflected  firom  the  first  surface  is  white>  except  when  the 
reflection  is  metaUia     That  which  comes  from  below  is  coloured,  and 
so  much  the  more  deeply  the  further  it  has  penetrated.     This  is  the 
reason  why  coarse  powder  of  a  given  material  is  more  deeply  col- 
oured than  fine,  for  the  quantity  of  light  returned  at  each  successive 
reflection  depends  only  on  the  number  of  reflections  and  not  on  the 
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thickness  of  the  particlea  If  these  are  large,  the  light  must  pene- 
trate so  much  the  deeper  in  order  to  undergo  a  given  number  of 
reflections,  and  will  therefore  be  the  more  deeply  coloured. 

"The  reflection  at  the  sur&ces  of  the  particles  is  weakened  if  we 
interpose  between  them,  in  the  place  of  air,  a  fluid  whose  index  of 
refraction  more  nearly  approaches  their  own.  Thus  powders  and 
pigments  are  usually  rendered  darker  by  wetting  them  with  water, 
and  still  more  with  the  more  highly  refracting  liquid,  oiL 

''If  the  colours  of  powders  depended  only  on  light  reflected  from 
their  first  surfaces,  the  light  reflected  from  a  mixed  powder  would 
be  the  sum  of  the  lights  reflected  from  the  surfaces  of  both.  Bat 
most  of  the  light,  in  fact,  comes  from  deeper  layers,  and  having  bad 
to  traverse  particles  of  both  powders,  must  consist  of  those  raj? 
which  are  able  to  traverse  both.  The  resultant  colour  therefine,  as 
in  the  case  of  superposed  glass  plates,  depends  not  on  addition  but 
rather  on  subtraction.  Hence  it  is  that  a  mixture  of  two  pigmaits 
is  usually  much  more  sombre  than  the  pigments  themselves,  if  these 
are  very  unlike  in  the  average  refrangibility  of  the  light  which  tbcy 
reflect  Vermilion  and  ultramarine,  for  example,  give  a  black-gny 
(showing  scarcely  a  trace  of  purple,  which  would  be  the  odoor 
obtained  by  a  true  mixture  of  lights),  each  of  these  pigments  being 
in  fact  nearly  opaque  to  the  light  of  the  other."  ^ 

800.  Mixtures  of  Colours. — By  the  colour  resulting  from  the  mix- 
ture of  two  lights,  we  mean  the  colour  which  is  seen  when  they  both 
fall  on  the  same  part  of  the  retina.  Propositions  regarding  mixtures 
of  colours  are  merely  subjective.  The  only  objective  diflTerences  of 
colour  are  differences  of  refrangibility,  or  if  traced  to  their  source, 
differences  of  wave-frequency.  All  the  colours  in  a  pure  spectnim 
are  objectively  simple,  each  having  its  own  definite  period  of  viba- 
tion  by  which  it  is  distinguished  from  all  othera  But  whereas^  in 
acoustics,  the  quality  of  a  sound  as  it  affects  the  ear  varies  vith 
every  change  in  its  composition,  in  colour,  on  the  other  hand,  t^ 
different  compositions  may  produce  precisely  the  same  visual  im- 
pression. Every  colour  that  we  see  in  nature  can  be  exactly  imitated 
by  an  infinite  variety  of  different  combinations  of  elementaiy  laya 

To  take,  for  example,  the  case  of  white.  "Ordinary  white  light 
consists  of  all  the  colours  of  the  spectrum  combined;  but  any  one  of 
the  elementary  colours,  from  the  extreme  red  to  a  certain  point  in 
yellowish  green,  can  be  combined  with  another  elementaiy  coloiir 

>  Tranalated  from  HeImholtz*8  Phytwlogical  Optics,  §  20. 
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on  the  other  side  of  green  in  such  proportion  as  to  yield  a  perfect 
imitation  of  ordinary  white.  The  priam  would  instantly  reveal  the 
differences,  but  to  the  naked  eye  all  these  whites  are  completely 
undistinguishable  one  from  another. 

801.  Methods  of  Mixing  Colours. — ^The  following  are  some  of  the 
best  methods  of  mixing  colours  (that  is  coloured  lights) : — 

1.  By  combining  reflected  and  transmitted  light;  for  example,  by 
looking  at  one  colour  through  a  piece  of  glass,  while  another  colour 
is  seen  by  reflection  from  the  near  mde  of  the  glasa  The  lower 
sash  of  a  window,  when  opened  iar  enough  to  allow  an  arm  to  be 
put  through,  answers  well  for  this  purpose.  The  bdghter  of  the  two 
coloured  objects  employed  should  be  held  inside  the  window,  and 
seen  by  reflection ;  the  second  object  should  then  be  held  outside  in 
such  a  position  as  to  he  seen  in  coincidence  with  the  image  of  the 
first.  As  the  quantity  of  reflected  light  increases  with  the  angle  of 
incidence,  the  two  colours  may  be  mixed  in  various  proportions 
by  shifting  the  position  of  the  eye  This  method  is  not  however 
adapted  to  quantitative 

comparison,  and  can 
scarcely  be  employed 
for  combining  more  than 
two  colours. 

2.  By  employing  a  ro- 
tating disc  (Fig.  722) 
composed  of  differently 
coloured  sectors.  If  the 
disc  be  made  to  revolvo 
rapidly,  the  sectors  will 
not  be  separately  visible, 
but  their  colours  will 
appear  blended  into  one 
on  account  of  the  per- 
sistence of  visual  impres- 
sions. The  proportions  fjc  ts:.— Rouimi  nm 
can  be  varied  by  varying 

the  sizes  of  the  sectors.  Coloured  discs  of  paper,  each  having  a 
radial  slit,  are  very  convenient  for  this  purpose,  as  any  moderate 
number  of  such  discs  can  be  combined,  and  the  sizes  of  the  sectors 
exhibited  can  be  varied  at  pleasure. 

The  mixed  colour  obtained  by  a  rotating  disc  is  to  be  regarded  aa 
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a  Toean  of  the  colours  of  the  several  sectors — a  mean  in  which  each 
of  these  colours  is  assigned  a  weight  proportional  to  the  size  of  its 
sector.  Thus,  if  the  360  degrees  which  compose  the  entire  disc 
consist  of  100"*  of  red  paper,  100**  of  green,  and  160''  of  blue,  the 
intensity  of  the  light  received  from  the  red  when  the  disc  is  rotating 
will  be  only  -J-J  of  that  which  would  be  received  from  the  red  sector 
when  seen  at  rest;  and  the  total  effect  on  the  retina  is  represented  by 
^  of  the  intensity  of  the  red,  plus  \%  of  the  intensity  of  the  green, 
plv^  "M-  of  the  intensity  of  the  blue ;  or  if  we  denote  the  colours  oi 
the  sectors  by  their  initial  letters,  the  effect  may  be  symbolized  by 

the  formula  ^^^"^'gf  "*"^^^>     Denoting  the  resultant  colour  by  C,  we 

have  the  symbolic  equation 

10B+10G  +  16B=86C; 

and  the  resultant  colour  may  be  called  the  mean  of  10  parts  of  red, 
10  of  green,  and  16  of  blue.  Colour-equations,  such  as  the  above, 
are  frequently  employed,  and  may  be  combined  by  the  same  rules 
as  ordinary  equation/ 

3.  By  causing  two  or  more  spectra  to  overlap.  We  thus  obtain 
mixtures  which  are  the  sums  of  the  overlapping  colours. 

If,  in  the  experiment  of  §  778,  we  employ,  instead  of  a  single 
straight  slit,  a  pair  of  slits  meeting  at  an  angle,  so  as  to  form  either 
an  X  or  a  V,  we  shall  obtain  mixtures  of  all  the  simple  colours  tvo 
and  two,  since  the  coloured  images  of  one  of  the  slits  will  cross  those 
of  the  other.  The  display  of  colours  thus  obtained  upon  a  screen  is 
exquisitely  beautiful,  and  if  the  eye  is  placed  at  any  point  of  the 
image  (for  example,  by  looking  through  a  hole  in  the  screen),  the 
prism  will  be  seen  filled  with  the  colour  which  falls  on  this  point 

802.  Experiments  of  Helmholtz  and  Maxwell. — Helmholtz,  in  an 
excellent  series  of  observations  of  mixtures  of  simple  colours,  em- 
plcyed  a  spectroscope  with  a  V-shaped  slit,  the  two  strokes  of  the 
V  being  at  right  angles  to  one  another;  and  by  rotating  the  V  he 
was  able  to  diminish  the  breadth  and  inci^ease  the  intensity  of  one 
of  the  two  spectra,  while  producing  an  inverse  change  in  the  other. 
To  isolate  any  part  of  the  compound  image  formed  by  the  two  over- 
lapping spectra,  he  drew  his  eye  back  from  the  eye-piece,  so  as  to 
limit  his  view  to  a  small  portion  of  the  field. 

But  the  most  effective  apparatus  for  observing  mixtures  of  simple 
colours  is  one  devised  by  Professor  Clerk  Maxwell,  by  means  of 
which  any  two  or  three  colours  of  the  spectrum  can  be  combined  in 
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any  required  proportiona  In  principle,  this  method  is  nearly  equi- 
valent to  looking  through  the  hole  in  the  screen  in  the  experiment 
above  described. 

Let  P  (Fig.  723)  be  a  prism,  in  the  position  of  minimum  deviation ; 
L  a  lens ;  E  and  R  conju- 
gate foci  for  rays  of  a     ^ ^ 

particular  refrangibility^ 


say  red;  E  and  V  conju- 
gate foci  for  rr.ys  of  an- 
other   given   refrangibi- 

lity,  say  violet.      If  a  slit  Fig.728.-Prin«lpleofMaxwU'.Calonr.ba^ 

is  opened  at  R,  an  eye 
at  E  will  receive  only  red  rays,  and  will  see  the  lens  filled  with  red 
light  If  this  slit  be  closed,  and  a  slit  opened  at  Y,  the  eye,  still 
placed  at  E,  will  see  the  lens  filled  with  violet  light.  If  both  slits 
be  opened,  it  will  see  the  lens  filled  with  a  uniform  mixture  of  the 
two  lights;  and  if  a  third  slit  be  opened,  between  R  and  Y^  the  lens 
will  be  seen  filled  with  a  mixture  of  three  lights. 

Again,  from  the  properties  of  conjugate  foci,  if  a  slit  is  opened  at 
E,  its  spectral  image  will  be  formed  at  R  Y,  the  red  part  of  it  being 
at  R,  and  the  violet  part  at  Y. 

The  apparatus  was  inclosed  in  a  box  painted  black  within.  There 
was  a  sUt  fixed  in  position  at  E,  and  a  frame  with  three  movable 
slits  at  R  Y.  When  it  was  desired  to  combine  colours  firom  three 
given  parts  of  the  spectrum,  specified  by  reference  to  Fraunhofer's 
lines,  the  slit  E  was  first  turned  towards  the  light,  giving  a  real 
spectrum  in  the  plane  R  Y,  in  which  Fraunhofer's  Unes  were  visible, 
and  the  three  movable  slits  were  set  at  the  three  specified  parts  of 
the  spectrum.  The  box  was  then  turned  end  for  end,  so  that  light 
was  admitted  (reflected  from  a  large  white  screen  placed  in  simshine) 
at  the  movable  slits,  and  the  observer,  looking  in  at  the  slit  E,  saw 
the  residtant  colour. 

803.  BesnltB  of  Experiment. — ^The  following  are  some  of  the  prin- 
cipal results  of  experiments  on  the  mixture  of  coloured  lights: — 

1.  Lights  which  appear  precisely  alike  to  the  naked  eye  yield 
identical  results  in  inixtures;  or  employing  the  term  aimilar  to 
express  apparent  identity  as  judged  by  the  naked  eye,  the  sums  of 
svmilar  lights  are  themselvea  aimUar,  It  is  by  reason  of  this  phy- 
sical fieu^t,  that  colour-equations  yield  true  results  when  combined 
according  to  the  ordinary  rules  of  elimination. 
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In  the  strict  application  of  this  rule,  the  same  observer  must  he 
the  judge  of  similarity  in  the  different  cases  considered.     For 

2.  Colours  may  be  similar  as  seen  by  one  observer,  and  dissimilar 
as  seen  by  another ;  and  in  like  manner,  colours  may  be  similar  u 
seen  through  one  coloured  glass,  and  dissimilar  as  seen  through 
another.  The  reason,  in  both  cases,  is  that  selective  absorption 
depends  upon  real  composition,  which  may  be  very  different  for  two 
merely  similar  lights.  Most  eyes  are  found  to  exhibit  selective 
absorption  of  a  certain  kind  of  elementary  blue,  which  is  accord- 
ingly weakened  before  reaching  the  retina. 

S.  Every  colour,  except  purple,  is  similar  to  a  colour  of  the  spec- 
trum either  pure  or  diluted,  and  all  purples  are  similar  to  mixtures 
of  red  and  blue  with  or  without  dilution.  By  dUviing  a  colour  we 
mean  mixing  it  with  white,  gray,  or  black.  Brown  colours  are 
obtained  by  diluting  red,  orange,  or  yellow  of  feeble  intensity. 

4  Between  any  four  colours,  given  in  intensity  as  well  as  in  kind, 
one  colour-equation  subsists;  expressing  the  fact  that,  when  we  hare 
the  power  of  varying  their  intensities  at  pleasure,  there  is  one  defi- 
nite way  of  making  them  yield  a  Tnatch,  that  is  to  say,  a  pair  d 
similar  colours.  Any  colour  (intensity  included)  can  therefore  be 
completely  specified  by  three  numbers,  expressing  its  relation  to 
three  arbitrarily  selected  colours.  This  is  analogous  to  the  theora& 
in  statics  that  a  force  acting  at  a  given  point  can  be  specified  by 
three  numbers  denoting  its  components  in  three  arbitrarily  selectad 
directiona 

5.  Between  any  five  colours  (intensity  included)  a  match  can  be 
made  in  one  definite  way  by  taking  means  ;^  for  example,  by  mooni- 
ing  the  colours  on  two  rotating  discs.  If  we  had  the  power  of  illn* 
minating  one  disc  more  strongly  than  the  other  in  any  required  ratio, 
four  colours  would  be  theoretically  sufficient;  and  we  can,  in  &ct^  do 
what  is  nearly  equivalent  to  this,  by  employing  black  as  one  of  oar 
five  colours.  Taking  means  of  colours  is  analogous  to  finding  centres 
of  gravity.  In  following  out  the  analogy,  a  colour  (given  in  kind 
merely)  must  be  represented  by  a  material  point  given  in  posituw 
merely,  and  the  intensity  of  the  colour  must  be  represented  by  the 
mass  of  the  material  point.  Th.e  means  of  two  given  colours  will  be 
represented  by  points  in  the  line  joining  two  given  points.  The 
means  of  three  given  colours  will  be  represented  by  points  lying 

*  Propositions  4  and  5  are  not  really  independent,  but  rq^ieaent  diflbrent  aspectB  of  am 
pliysioal  (or  rather  phyriologiQal)  law. 
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within  the  triangle  formed  by  joining  three  given  points,  and  the 
means  of  four  given  colours  will  be  represented  by  points  within  a 
tetrahedron  whose  four  comers  are  given.  When  we  have  five  colours 
given,  we  have  five  points  given,  and  of  these  generally  no  four  will 
lie  in  one  plane.  Call  them  A,  B,  C,  D,  E.  Then  if  £  lies  within 
the  tetrahedron  A  BCD,  we  can  make  the  centre  of  gravity  of 
A,  B,  C,  and  D  coincide  with  £,  and  the  colour  E  can  be  matched  by 
a  mean  of  the  other  four  colours.  If  E  lies  outside  the  tetrahedron, 
let  the  planes  which  contain  the  tetrahedron  be  produced  indefinitely. 
Then  if  E  lies  in  the  external  solid  angle  which  is  vertical  to  the 
solid  angle  A  of  the  tetrahedron,  the  point  A  lies  within  the  tetra- 
hedron E  B  C  D,  and  the  colour  A  ia  the  match.  Lastly,  let  E  lie  in 
the  external  space  which  is  separated  from  the  tetrahedron  by  the 
plane  BCD.  Then  the  point  where  this  plane  is  cut  by  the  line 
joining  A  E  represents  the  match,  for  it  is  a  mean  of  A,  E,  and  is 
also  a  mean  of  B,  C,  D. 

With  six  given  colours,  six  different  matches  can  be  made,  and  six 
colour-equations  will  thus  be  obtained,  the  consistency  of  which 
among  thepiselves  will  be  a  test  of  the  accuracy  both  of  theory  and 
observation,  as  only  three  of  the  six  can  be  really  independent 
Experiments  which  have  been  conducted  on  this  plan  have  given 
very  consistent  results. 

804.  Cone  of  Colour. — ^AIl  combinations  of  colour  (intensity  in- 
cluded) can  be  represented  geometrically  by  means  of  a  cone  or 
pyramid  within  which  all  possible  colours  will  have  their  definite 
places.  The  vertex  will  represent  total  blackness,  or  the  complete 
absence  of  light;  and  colours  situated  on  the  same  line  passing 
through  the  vertex  will  differ  only  in  intensity  of  light  Any  cross- 
section  of  the  cone  will  contain  all  colours,  except  so  far  as  intensity 
is  concerned,  and  the  colours  residing  on  its  perimeter  will  be  the 
colours  of  the  spectrum  ranged  in  order,  with  purple  to  fill  up  the 
interval  between  violet  and  red.  It  appears  fi*om  Maxwell's  experi- 
ments^  that  the  true  form  of  the  cross-section  is  approximately  trian- 
gular,^ with  red,  green,  and  blue  at  the  three  comers.  When  all  the 
colours  (intensity  included)  have  been  assigned  their  proper  places  in 
the  cone,  a  straight  line  joining  any  two  of  them  passes  through 
colours  which  are  means  of  these  two ;  and  if  two  lines  are  drawn 
from  the  vertex  to  any  two  colours,  the  parallelogram  constructed 

^  The  ahape  of  the  triangle  ia  a  mere  matter  of  oonyenienoe,  not  involTing  any  question 
of  faot. 
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on  these  two  lines  will  have  at  its  further  comer  the  colour  vbidi 
is  the  sum  of  these  two  colours.  A  certain  axial  line  of  the  cone  viU 
contain  white  or  gray  at  all  points  of  its  length,  and  may  he  called 
the  line  of  white. 

It  is  convenient  to  distinguish  three  qualities  of  colour  which  may 
be  called  hue,  depth,  and  brightness.  Brightness  or  intensity  of  light 
is  represented  by  distance  from  the  vertex  of  the  cone.  DgA 
depends  upon  angular  distance  from  the  line  of  white,  and  is  the 
same  for  all  points  on  the  same  line  through  the  vertex.  FaUiMBi 
or  lightness  is  the  opposite  of  depth,  and  is  measured  by  aogolar 
nearness  to  the  line  of  white.  Hue  or  ti/nt  is  that  which  is  oftoi 
par  excellence  termed  colour.  If  we  suppose  a  plane,  containing  the 
line  of  white,  to  revolve  about  this  line  as  axis,  it  will  pass  sncoes- 
sively  through  different  tints ;  and  in  any  one  position  it  contaios 
only  two  tints,  which  are  separated  from  each  other  by  the  linei^ 
white,  and  are  complementary. 

Bed  b  complementary  to Bluish  green. 

Orange         ,,         „        Sky  blae. 

Yellow         „         „         •.••••••.  Violet  bluet. 

Greenish  yellow      „         Violet. 

Green  „  „         Pink. 

Any  two  colours,  of  complementary  tint,  give  white  when  mixed  in 
proper  proportions ;  and  any  three  colours  can  be  mixed  in  sodi 
proportions  as  to  yield  white,  unless  they  are  all  on  the  same  side  of 
a  plane  drawn  through  the  line  of  white. 

According  to  Maxwell,  the  orange  and  yellow  of  the  spectmin  cu 
be  exactly  reproduced  by  mixtures  of  red  and  green,  and  the  extreme 
colours  of  the  spectrum  (crimson  and  violet)  can  be  reproduced 
(approximately  at  least)  by  mixtures  of  red  and  blue. 

805.  Three  Primary  Colour-sensations. — ^All  authorities  are  now 
agreed  in  accepting  the  doctrine,  first  propounded  by  Dr.  Thomas 
Young,  that  there  are  three  elements  of  colour-sensation ;  or,  inotbef 
words,  three  distinct  physiological  actions^  which,  by  their  wioos 
combinations,  produce  our  various  sensations  of  colour.  Each  is 
excitable  by  light  of  various  wave-lengths  lying  within  a  wide  range, 
but  has  a  maximum  of  excitability  for  a  particular  wave-length, 
and  is  affected  only  to  a  slight  degree  by  light  of  wave-length  very 
different  fix>m  this.  The  cone  of  colour  is  theoretically  a  triangnlar 
pyramid,  having  for  its  three  edges  the  colours  which  correspond  to 
these  three  wave-lengths ;  but  it  is  probable  that  we  cannot  obtain 
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one  of  the  three  elementary  colour-sensations  quite  from  admixture 
of  the  other  two,  and  the  edges  of  the  pyramid  are  thus  practically 
rounded  off.  One  of  these  sensations  is  excited  in  its  greatest  purity 
hy  the  green  near  Fraunhofer's  line  6,  another  by  the  extreme  red, 
and  the  third  by  a  part  of  the  spectrum  lying  somewhere  in  deep 
blue  or  violet,  its  precise  position  being  difficult  to  determine  by 
reason  of  the  feebleness  of  the  light  at  this  end  of  the  spectrum. 

Helmholtz  ascribes  these  three  actions  to  three  distinct  sets  of 
nerves,  having  their  terminations  in  different  parts  of  the  thickness 
of  the  retina — a  supposition  which  aids  in  accounting  for  the  approxi- 
mate achromatism  of  the  eye,  for  the  three  sets  of  nerve-terminations 
may  thus  be  at  the  proper  distances  for  receiving  distinct  images  of 
red,  green,  and  blue  respectively,  the  focal  length  of  a  lens  being 
shorter  for  blue  than  for  red. 

Light  of  great  intensity,  whatever  its  composition,  seems  to  pro- 
duce a  considerable  excitement  of  all  three  elements  of  colour-sensa- 
tion. If  a  spectroscope,  for  example,  be  directed  first  to  the  clouds 
and  then  to  the  sun,  all  parts  of  the  spectrum  appear  much  paler  in 
the  latter  case  than  in  the  former. 

The  popular  idea  that  red,  yellow,  and  blue  are  the  three  prima- 
ries, is  quite  wrong  as  regards  mixtures  of  lights  or  combinations  of 
colour-sensations.  The  idea  has  arisen  from  facts  observed  in  con- 
nection with  the  mixture  of  pigments  and  the  transmission  of  light 
through  coloured  glasses.  We  have  already  pointed  out  the  true 
interpretation  of  observations  of  this  nature,  and  have  only  now  to 
add  that  in  attempting  to  construct  a  theory  of  the  colours  obtained 
by  mixtures  of  pigments,  the  law  of  substitution  of  similars  cannot 
be  employed.  Two  pigments  of  similar  colour  will  not  in  general 
give  the  same  result  in  mixtures. 

806.  Aocidental  Images. — If  we  look  steadily  at  a  bright  stained- 
glass  window,  and  then  turn  our  eyes  to  a  white  wall,  we  see  an 
image  of  the  window  with  the  colours  changed  into  their  com- 
plementaries.  The  explanation  is  that  the  nerves  which  have  been 
strongly  exercised  in  the  perception  of  the  bright  colours  have  had 
their  sensibility  diminished,  so  that  the  balance  of  action  which  is 
necessary  to  the  sensation  of  white  no  longer  exists,  but  those  elements 
of  sensation  which  have  not  been  weakened  preponderate.  The  sub- 
jective appearances  arising  from  this  cause  are  called  negative  acci- 
dental imxxges.  Many  well-known  effects  of  contrast  are  similarly 
explained.     White  paper,  when  seen  upon  a  background  of  any  one 
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colour,  often  appears  tinged  with  the  complementary  colour ;  and  stray 
beams  of  sunlight  entering  a  room  shaded  with  yellow  holland 
blinds,  produce  blue  streaks  when  they  fall  upon  a  white  table- 
cloth. 

'  In  some  cases,  especially  when  the  object  looked  at  Js  paiDfuIlv 
bright,  there  is  a  positive  accidental  image;  that  is,  one  of  the  same 
colour  as  the  object ;  and  this  is  frequently  followed  by  a  n^tire 
image.  A  positive  accidental  image  may  be  regarded  as  an  extreme 
instance  of  the  persistence  of  impressions. 

807.  Colour-blindneBB. — What  is  called  colour-blindness  has  been 
found,  in  every  case  which  has  been  carefully  investigated,  to  consi^ 
in  the  absence  of  the  elementary  sensation  corresponding  to  red 
To  persons  thus  affected  the  solar  spectrum  appears  to  consist  of  tvo 
decidedly  distinct  colours  with  white  or  gray  at  their  place  of  jnnc- 
tion>  which  is  a  little  way  on  the  less  refrangible  side  of  the  line  F. 
One  of  these  two  colours  is  doubtless  nearly  identical  with  the  Donoal 
sensation  of  blue.  It  attains  its  maximum  about  midway  between 
F  and  G,  and  extends  beyond  G  as  far  as  the  normally  viaUr 
spectrum.  The  other  colour  extends  a  considerable  distance  into 
what  to  normal  eyes  is  the  red  portion  of  the  spectrum,  attaining  its 
maximum  about  midway  between  D  and  E,  and  becoming  deeper 
and  more  faint  till  it  vanishes  at  about  the  place  where  to  noimal 
eyes  crimson  begins.  The  scarlet  of  the  spectrum  is  thus  visible  to 
the  colour-blind,  not  as  scarlet  but  as  a  deep  dark  colour,  probabk 
a  kind  of  dark  green,  orange  and  yellow  as  brighter  shades  of  tbe 
same  colour,  while  bluish-green  appeal's  nearly  white. 

It  is  obvious  from  this  account  that  what  is  called  "coIonr-Uind* 
ness"  should  rather  be  called  dichroic  vision,  normal  vision  being 
distinctively  designated  as  trichroic.  To  the  dichroic  eye  any  oolaur 
can  be  matched  by  a  mixture  of  yellow  and  blue,  and  a  match  can 
be  made  between  any  three  (instead  of  four)  given  coloura  Objects 
which  have  the  same  colour  to  the  trichroic  eye  have  also  the  same 
colour  to  the  dichroic  eya 

808.  Colour  and  Musical  Pitch. — As  it  is  completely  established  that 
the  difference  between  the  colours  of  the  spectrum  is  a  difference  of 
vibration-fi'equency,  there  is  an  obvious  analogy  between  colour  and 
musical  pitch ;  but  in  almost  all  details  the  relations  between  coloon 
are  strikingly  different  from  the  relations  between  sounds. 

The  compass  of  visible  colour,  including  the  lavender  rays  which  he 
beyond  the  violet,  and  are  perhaps  visible  not  in  themselves  but  tv 
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the  fluorescence  which  they  produce  on  the  retina^  is,  according  to 
Hehnholtz,  about  an  octave  and  a  fourth ;  but  if  we  exclude  the 
lavender,  it  is  almost  exactly  an  octave.  Attempts  have  been  made 
to  compare  the  successive  colours  of  the  spectrum  with  the  notes  of 
the  gamut;  but  much  forcing  is  necessary  to  bring  out  any  trace  of 
identity,  and  the  gradual  transitions  which  characterize  the  spectrum, 
and  constitute  a  feature  of  its  beauty,  are  in  marked  contrast  to  the 
transitions  per  acdtum  which  are  required  in  musia 
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809.  Principle  of  Hnygens.^ — The  propagation  of  waves,  whether 
of  sound  or  light,  is  a  propagation  of  energy.  Each  small  portion  of 
the  medium  experiences  successive  changes  of  state,  involving  changes 
in  the  forces  which  it  exerts  upon  neighbouring  portions.  These 
changes  of  force  produce  changes  of  state  in  these  neighbouring  por- 
tions, or  in  such  of  them  as  lie  on  the  forward  side  of  the  wave,  and 
thus  a  disturbance  existing  at  any  one  part  is  propagated  onwarda 

Let  us  denote  by  the  name  wave-front  a  continuous  surface  draYo 
through  particles  which  have  the  same  phase;  then  each  wave-front 
advances  with  the  velocity  of  light,  and  each  of  its  points  may  be 
regarded  as  a  secondary  centre  from  which  disturbances  are  contino- 
ally  propagated.  This  mode  of  regarding  the  propagation  of  ligbt  is 
due  to  Huygens,  who  derived  from  it  the  following  principle,  which 
lies  at  the  root  of  all  practical  applications  of  the  undulatory  theory: 
The  disturbance  at  any  point  of  a  vxive-fi^ont  is  the  resultant  (given 
by  the  parallelogram  of  motions)  of  the  separate  disturbances  trAicfe 
the  different  portions  of  the  same  wave-front  in  any  one  of  its 
earlier  positions,  would  hive  occasioned  if  acting  singly.  This 
principle  involves  the  physical  fact  that  rays  of  light  are  not  affected 
by  crossing  one  another;  and  its  truth,  which  has  been  experiment- 
ally tested  by  a  variety  of  consequences,  must  be  taken  as  an  indica- 
tion that  the  amplitudes  of  luminiferous  vibrations  are  infinitesimal 
in  comparison  with  the  wave-lengths.  A  similar  law  applies  to  the 
resultant  of  small  disturbances  generally,  and  is  called  by  writers  on 
d3mamics  the  law  of  "superposition  of  small  motions."  It  is  analo- 
gous to  the  arithmetical  principle  that,  when  a  and  6  are  very  small 
fractions,  the  product  of  1+a  and  1  +  6  may  be  identified  with 

^  For  the  spelling  of  this  name  see  remarks  by  Lalande,  Mimoiru  dt  VAcodimu,  177S. 
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l+a+6,  the  term  a  b,  which  represents  the  mutual  influence  of  two 
small  changes,  being  negligible  in  comparison  with  the  sum  a+b  of 
the  small  changes  themselvea 

810.  Ezplanation  of  Bectilinear  Propagation. — In  a  medium  in 
which  light  travels  with  the  same  velocity  in  all  parts  and  in  all 
directions,  the  waves  propagated  from  any  point  will  be  concentric 
spheres,  having  this  point  for  centre,  and  the  lines  of  propagation, 
in  other  words  the  rays  of  light,  will  be  the  radii  of  these  spherea 
It  can  in  fact  be  shown  that  the  only  part  of  one  of  these  waves 
which  needs  to  be  considered,  in  computing  the  resultant  disturbance 
of  an  external  point,  is  the  part  which  lies  directly  between  this 
external  point  and  the  centre  of  the  sphere.  The  remainder  of  the 
wave-front  can  be  divided  into  small  parts,  each  of  which,  by  the 
mutual  interference  of  its  own  subdivisions,  gives  a  resultant  effect 
of  zero  at  the  given  point  We  express  these  properties  by  saying 
that  in  a  homogeneous  and  isotropic  medium  the  UHive-surface  is  a 
sphere,  and  the  rays  are  normal  to  the  wave-fronts.  This  class  of 
media  includes  gases,  liquids^  crystals  of  the  cubic  system,  and  well- 
annealed  glasa 

If  a  medium  be  homogeneous  but  not  isotropic,  disturbances 
emanating  from  a  point  in  it  will  be  propagated  in  waves  which  will 
retain  their  form  unchanged  as  they  expand  in  receding  from  their 
source,  but  this  form  will  not  generally  be  spherical.  The  rays  of 
light  in  such  a  medium  will  be  straight,  proceeding  directly  from  the 
centre  of  disturbance,  and  any  one  ray  will  cut  all  the  wave-fronts 
at  the  same  angle;  but  this  angle  will  generally  be  different  for 
different  rays.  In  this  case,  as  in  the  last,  the  disturbance  produced 
at  any  point  may  be  computed  by  merely  taking  into  account  that 
small  portion  of  a  wave-front  which  lies  directly  between  the  given 
point  and  the  source, — in  other  words,  which  lies  on  or  very  near  to 
the  ray  which  traverses  the  given  point. 

A  disturbance  in  such  a  medium  usually  gives  rise  to  two  sets  of 
waves,  having  two  distinct  forms,  and  these  remarks  apply  to  each 
set  separately. 

The  tendency  of  the  different  parts  of  a  wave-front  to  propagate 
disturbances  in  other  directions  besides  the  single  one  to  which  such 
propagation  is  usually  confined,  is  manifested  in  certain  phenomena 
which  are  included  under  the  general  name  of  diffraction. 

The  only  wave-fronts  with  which  it  is  necessary  to  concern  our- 
selves are  those  which  belong  to  waves  emanating  from  a  single 
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point, — that  is  to  say,  either  from  a  surface  really  very  small,  or 
from  a  sur£aice  which,  by  reason  of  its  distance,  subtends  a  very 
small  solid  angle  at  the  parts  of  space  considered 

811.  Application  to  Refraction.— When  waves  are  propagated  from 
one  medium  into  another,  the  principle  of  Huygens  leads  to  the 
following  construction: — 

Let  A  E  (Fig.  724)  represent  a  portion  of  the  surface  of  sepantioD 
between  two  media,  and  A  B  a  portion  of  a  wave-front  in  the  fim 
medium;  both  portions  being  small  enough  to  be  regarded  as  plane 


Fig.  7S4.— Hoygans*  Gonstmotion  for  Wave-fronl 

Then  straight  lines  C  A,  D  B  E,  normal  to  the  wave-front,  represent 
rays  incident  at  A  and  BL  From  A  as  centre,  describe  a  wave-sai&ce, 
of  such  dimensions  that  light  emanating  from  A  would  reach  tbis 
surface  in  the  same  time  in  which  light  in  air  travels  the  distance 
B  £,  and  draw  a  tangent  plane  (perpendicular  to  the  plane  of  indil* 
ence)  through  £  to  this  surfaca  Let  F  be  the  point  of  contact 
(which  is  not  necessarily  in  the  plane  of  incidence).  Then  the  ian- 
gent  plane  E  F  is  a  wave-fit>nt  in  the  second  medium,  and  AFisa 
ray  in  the  second  medium ;  for  it  can  be  shown  that  distothances 
propagated  from  all  points  in  the  wave-front  A  B  will  just  have 
reached  E  F  when  the  disturbance  propagated  from  B  has  reached  i- 
For  example,  a  ray  proceeding  from  m,  the  middle  point  of  the  line 
A  B,  will  exhaust  half  the  time  in  travelling  to  the  middle  point  a 
of  A  E,  and  the  remaining  half  in  travelling  through  a/,  eqiud  and 
parallel  to  half  of  A  F. 

When  the  wave-surfaces  in  both  media  are  spherical,  the  planes  of 
incidence  and  refraction  ABE,  AFE  coincide,  the  angle  BAE 
(Fig.  725)  between  the  first  wave-front  and  the  surface  of  separation 
is  the  same  as  the  angle  between  the  normals  to  these  sorfiu^  that 
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Fig.  725.— WaTfr-front  ii&  OitUnazy  Bafxactioo. 


is  to  say,  is  tbe  angle  of  incidenco ;  and  tbe  angle  A  E  F  between 
the  surface  of  separation  and  the  second  wave-front  is  the  angle  of 

refraction.     The  sine  of  the  former  is  =-7*  ^i^d  the  sine  of  the  latter 
is  ^.    The  ratio  ?l^'  is  therefore  5|.    But  B  E  and  A  F  are  the 

Hi  A.  Sin  I*  A  JJ 

distances  travelled  in  tbe  same 
time  in  the  two  media.  Hence 
tbe  sines  of  the  angles  of  in- 
cidence and  refraction  are  di- 
rectly as  the  velocities  of  pro- 
pagation of  the  incident  and 
refracted  light.  The  relative 
index  of  refraction  from  one 
medium  into  another  is  there- 
fore the  ratio  of  the  velocity 
of  light  in  the  first  medium  to 
its  velocity  in  the  second;  and 

the  absolute  index  of  refraction  of  any  m^edium  is  inversely  as  the 
velocity  of  light  in  that  medium^ 

812.  Application  to  Beflection. — ^The  explanation  of  reflection  is 
precisely  similar.  Let  C  A,  D  E  (Fig.  726)  be  parallel  rays  incident 
at  A  and  E;  AB  the  wave-front.  As  tbe  successive  points  of  the 
wave-front  arrive  at  tbe  reflecting  surface,  hemispherical  waves  di- 
verge from  tbe  points  of  inci- 
dence.; and  by  the  time  that 
B  reaches  E,  tbe  wave  from  A 
will  have  diverged  in  all  direc- 
tions to  a  distance  equal  to 
B  K  If  then  we  describe  in 
the  plane  of  incidence  a  semi- 
circle, with  centre  A  and  radius 
equal  to  B  £,  the  tangent  £  F 
to  this  semicircle  will  be  the 
wave  -  front  of  the  reflected 
light,  and  A  F  will  be  the  reflected  ray  corresponding  to  the  incident 
ray  C A  From  tbe  equality  of  the  right-angled  triangles  ABE, 
E  F  A,  it  is  evident  that  tbe  angles  of  incidence  and  reflection  are 

equal 

818.  Newtonian  Explanation  of  Eefraction.  —  In  the  Newtonian 

theory,  the  change  of  direction  which  a  ray  experiences  at  tbe  bound- 


Fig.  726.— Wave-fix>nt  in  Bafleotion. 
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ing  surface  of  two  media,  is  attributed  to  the  preponderance  of  the 
attraction  of  the  denser  medium  upon  the  particles  of  liglitw  As  the 
resultant  force  of  this  attraction  is  normal  to  the  surface,  the  tan- 
gential component  of  velocity  remains  unchanged,  and  the  nonnal 
component  is  incretised  or  diminished  according  as  the  incidence  is 
from  rare  to  dense  or  from  dense  to  rare.  Let  /i  denote  the  relative 
index  of  refraction  from  rare  to  dense.  Let  v,v'  be  the  velocities  oi 
light  in  the  rarer  and  denser  medium  respectively,  and  i,  i'  the  angles 
which  the  rays  in  the  two  media  make  with  the  normaL  Then  the 
tangential  components  of  velocity  in  the  two  media  are  v  sin  i,  v  sini 
respectively,  and  these  by  the  Newtonian  theory  are  equal;  whence 

-=*!"*=^;  whereas  according  to  the  undulatory  theory  -^-.    In 

the  Newtonian  theory,  the  velocity  of  light  in  any  medium  is  di- 
rectly as  the  absolute  index  of  refraction  of  the  medium;  whereas,  in 
the  undulatory  theory,  the  reverse  rule  holda 

The  main  design  of  Foucault's  experiment  with  the  rotating  mir- 
ror (§  687),  in  its  original  form,  was  to  put  these  opposite  condosions 
to  the  test  of  direct  experiment  For  this  purpose  it  was  not  neces- 
sary to  determine  the  velocity  of  the  rotating  mirror,  since  it  affected 
both  the  observed  displacements  alike.  The  two  images  were  seen 
in  the  same  field  of  view,  and  were  easily  distinguished  by  the  green- 
ness of  the  water-image.  In  every  trial  the  water-image  was  mare 
displaced  than  the  air-image,  indicating  longer  time  and  slower  velo- 
city ;  and  the  measurements  taken  were  in  complete  accordance  with 
the  undulatory  theory,  while  the  Newtonian  theory  was  condusiveif 
disproved. 

814.  Principle  of  Least  Time. — The  path  by  which  light  travels  from 
one  point  to  another  is  in  the  generality  of  cases  that  which  occupies 
least  time.  For  example,  in  ordinary  cases  of  reflection  (except  from 
very  concave^  surfaces),  if  we  select  any  two  points,  one  on  the  in- 
cident and  the  other  on  the  reflected  ray,  the  sum  of  their  distances 
from  the  point  of  incidence  is  less  than  the  sum  of  their  distances 
from  any  neighbouring  point  on  the  reflecting  surface.  In  this  case, 
since  only  one  medium  is  concerned,  distance  is  proportional  to  time 
When  a  ray  in  air  is  refracted  into  water,  if  we  select  any  two  points, 

^  Suppose  an  eUipoe  described,  hAving  the  two  selected  points  for  fod,  and  pMSEs: 
through  the  point  of  incidence.     If  the  curvature  of  the  reflecting  sorfaoe  in  the  plane  of 
incidence  is  greater  than  the  curvature  of  this  ellipse,  the  length  of  the  path  is  a  Tft^T**"*™ 
if  less,  a  minimum.     This  follows  at  once  from  the  constancy  of  the  sum  ol  the  fix:! 
distances  in  an  ellipse. 
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one  on  the  incident  and  the  other  on  the  refracted  ray,  and  call  their 

distances  from  any  point  of  the  refracting  surface  8,  «'  respectively, 
and  the  velocities  of  propagation  in  the  two  media  v,  i/,  then  the  sum 

of  -  and  ^  is  generally  less  when  s  and  «'  are  measured  to  the  point 

of  incidence  than  when  they  are  measured  to  any  neighbouring  point 

on  the  surfaca     ^  is  evidently  the  time  of  going  from  the  first  point 

to  the  refracting  surface,  and  ^  the  time  from  the  refracting  surface 

to  the  second  point. 

The  proposition  as  above  enunciated  admits  of  certain  exceptions, 
the  time  being  sometimes  a  maximum  instead  of  a  minimum.  The 
really  essential  condition  (which  is  fulfilled  in  both  these  opposite 
cases)  is  that  all  points  on  a  small  area  surrounding  the  point  of 
incidence  give  sensibly  th&  same  time.  The  component  waves  sent 
from  all  parts  of  this  small  area  will  be  in  the  same  phase,  and  will 
propagate  a  ray  of  light  by  their  combined  action* 

When  the  two  points  considered  are  conjugate  fod,  and  there  is 
no  aberration,  this  condition  must  be  fulfilled  by  all  the  rays  which 
pass  through  both;  and  the  time  of  travelling  from  one  focus  to  the 
other  is  the  same  for  all  the  rays.  Spherical  waves  diverging  from 
one  focus  will,  after  incidence,  become  spherical  waves  converging  to 
or  diverging  from  its  conjugate  focus.  An  efiect  of  this  kind  can  be 
beautifully  exhibited  to  the  eye  by  means  of  an  elliptic  dish  contain- 
ing mercury.  If  agitation  is  produced  at  one  focus  of  the  ellipse  by 
dipping  a  small  rod  into  the  liquid  at  this  point,  circular  waves  will 
be  seen  to  converge  towards  the  other  focua  A  circular  dish  exhi- 
bits a  similar  result  somewhat  imperfectly ;  waves  diverging  from  a 
point  near  the  centre  will  be  seen  to  converge  to  a  point  symmetri- 
cally situated  on  the  other  side  of  the  centre. 

When  the  second  point  lies  on  a  caustic  surface  formed  by  the 
refiection  or  refraction  of  rays  emanating  from  the  first  point,  all 
points  on  an  area  of  sensible  magnitude  in  the  neighbourhood  of  the 
point  of  incidence  would  give  sensibly  the  same  time  of  travelling 
as  the  actual  point  of  incidence,  so  that  the  light  which  traverses 
a  point  on  a  caustic  may  be  regarded  as  coming  from  an  area  of 
sensible  magnitude  instead  of  (as  in  the  case  of  points  not  on  the 
caustic)  an  excessively  small  area.  An  eye  placed  at  a  point  on  a 
caustic  will  see  this  portion  of  the  surface  filled  with  light 

As  the  velocity  of  light  is  inversely  proportional  to  the  index  of 
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refraction  ft,  the  time  of  travelling  a  distance  8  with  constant  velodtj 
may  be  represented  by  fi8j  and  if  a  ray  of  light  passes  &om  one  point 
to  another  by  a  crooked  path,  made  up  of  straight  lines  8^,  d,,  ^,»  • . . . 
lying  in  media  whose  absolute  indices  are  /ix^/i^./uis,  .  •  .  »  the  expres- 
sion /ij  «j  +/«2  *2  +/*a*s  +  •  •  •  represents  the  time  of  passage.  This 
expression,  which  may  be  called  the  sum  of  such  terms  as  fis,  must 
therefore  fulfil  the  above  condition ;  that  is  to  say,  the  points  of 
incidence  on  the  surfaces  of  separation  must  be  so  situated  that  this 
sum  either  remains  absolutely  constant  when  small  changes  are  sup- 
posed to  be  made  in  the  positions  of  these  points,  or  else  retains  that 
approximate  constancy  which  is  characteristic  of  maxima  and  minima. 
Conversely,  all  lines  from  a  luminous  point  which  fulfil  this  condition, 
will  be  paths  of  actual  rays. 

816.  Terrestrial  Refraction.^ — ^The  atmosphere  may  be  r^arded  as 
homogeneous  when  we  confine  our  attention  to  small  portions  of  it 
and  hence  it  is  sensibly  true,  in  ordinary  experiments  where  no  great 
distances  are  concerned,  that  rays  of  light  in  air  are  straight,  just  as 
it  is  true  in  the  same  limited  sense  that  the  surface  of  a  liquid  at  ret 
is  a  horizontal  plane.  The  surface  of  an  ocean  is  not  plan^  bat 
approximately  spherical,  its  curvature  being  quite  sensible  in  ordinair 
nautical  observations,  where  the  distance  concerned  is  merely  that 
of  the  visible  sea-horizon ;  and  a  correction  for  curvature  is  in  like 
manner  required  in  observing  levels  on  land  If  the  observer  is 
standing  on  a  perfectly  level  plain,  and  observing  a  distant  object  at 
precisely  the  same  height  as  his  eye  above  the  plain,  it  will  appear 
to  be  below  his  eye,  for  a  horizontal  plane  through  his  eye  will  p«sB 
above  it,  since  a  perfectly  level  plain  is  not  plane,  but  shares  in  the 
general  curvature  of  the  earth.  It  is  easily  proved  that  the  apparent 
depression  due  to  this  cause  is  half  the  angle  between  the  verticals 
at  the  positions  of  the  observer  and  of  the  object  observed  Bat 
experience  has  shown  that  this  apparent  depression  is  to  a  consider- 
able extent  modified  by  an  opposite  disturbing  oiuse,  called  term- 
ti^l  refraction.  When  the  atmosphere  is  in  its  normal  condition, 
a  ray  of  light  from  the  object  to  the  observer  is  not  straight,  bot 
is  slightly  concave  downwarda 

This  curvature  of  a  nearly  horizontal  ray  is  not  due  to  the  curva- 
ture of  the  earth  and  of  the  layers  of  equal  density  in  the  earth  s 
atmosphere,  as  is  often  erroneously  supposed,  but  would  still  exist 

^  For  the  leading  idea  which  ia  developed  in  §§  815-817,  the  Editor  is  indetoil  t» 
suggestions  from  Professor  James  Thomson. 
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and  with  no  sensible  change  in  its  amount,  if  the  earth's  surface  were 
plane,  and  the  directions  of  gravity  everywhere  parallel  It  is  due 
to  the  fact  that  light  travels  fistster  in  the  rarer  air  above  than  in  the 
denser  air  below,  so  that  time  is  saved  by  deviating  slightly  to  the 
upper  si^p  of  a  straight  coursa  The  actual  amount  of  curvature  (as 
determined  by  surveying)  is  from  J  to  tS^  of  the  curvature  of  the 
earth ;  that  is  to  say,  the  radius  of  curvature  of  the  ray  is  from  2  to 
10  times  the  earth's  radius. 

816.  Cftlculation  of  Corvature  of  Bay. — In  order  to  calculate  the 
radius  of  curvature  from  physical  data,  it  is  better  to  approach  the 
subject  from  a  somewhat  different  point  of  view. 

The  wave-fronts  of  a  ray  in  air  are  perpendicular  to  the  ray ;  and 
if  the  ray  is  nearly  horizontal,  its  wave-fronts  will  be  nearly  ver- 
tical If  two  of  these  wave-fronts  are  produced  downwards  until 
they  meet,  the  distance  of  their  intersection  from  the  ray  will  be  the 
radius  of  curvatura  Let  us  consider  two  points  on  the  same  wave- 
front,  one  of  them  a  foot  above  the  other;  then  the  upper  one  being 
in  rarer  air  will  be  advancing  faster  than  the  lower  one,  and  it  is 
easily  shown  that  the  difference  of  their  velocities  is  to  the  velocity 
of  either  as  1  foot  is  to  the  radius  of  curvatura 

Put  p  for  the  radius  of  curvature  in  feet,  v  and  v+Zvfov  the  two 
velocities,  fjt  and  fi—^fji  for  the  indices  of  refraction  of  the  air  at  the 
two  point&     Then  we  have 

L=  ??  =  ?A*  ^  8^  nearly.  (1) 

p  V  fA 

Now  it  has  been  ascertained,  by  direct  experiment,  that  the  value 
of  /I— 1  for  air,  within  ordinary  limits  of  density,  is  sensibly  pro- 
portional to  the  density  (even  when  the  temperature  varies),  and  is 
•0002943  or  ^^^  at  the  density  corresponding  to  the  pressure  760°*°^ 
(at  Paris)  and  temperature  0°C.  The  difference  of  density  at  the  two 
points  considered,  supposing  them  both  to  be  at  the  same  tempera- 
ture, will  be  to  the  density  of  either  as  1  foot  is  to  the  "height  of 
the  homogeneous  atmosphere''  in  feet,  which  call  H  (§  111a).     Then 

— ^j  will  be  g,  and  the  value  of  --  in  (1)  may  be  written 

Hence  p  is  3400  times  the  height  of  the  homogeneous  atmosphere. 
But  this  height  is  about  5  miles,  or  -g^  of  the  earth's  radiusi     The 
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value  of  p  is  therefore  about  4^  radii  of  the  earth.  This  is  on  the 
assumptions  that  the  barometer  is  at  760™™,  the  thermometer  at  0°C, 
and  that  there  is  no  change  of  temperature  in  ascending.  If  we  depart 
from  these  assumptions,  we  have  the  following  consequences: — 

L  If  the  barometer  is  at  any  other  height,  the  &ctor  jg  remaim 

unaltered,  and  the  other  factor  /« —  1  varies  directly  as  the  pressure. 

II.  If  the  temperature  is  f  Centigrade,  H  is  changed  in  the  direct 
ratio  of  1+a^,  a  denoting  the  coefficient  of  expansion.     The  fiist 

factor  g  is  therefore  changed  in  the  inverse  ratio  of  1+at    The 

second  factor  is  changed  in  the  same  ratio.  The  curvature  of  the  raj 
therefore  varies  inversely  as  (1  +aty. 

III.  Suppose  the  temperature  decreases  upwards  at  the  rate  of - 
of  a  degree  Centigrade  per  foot.    The  expansion  due  to  -  of  a  d^ree 

Centigrade  is  -273^.     The  first  fitctor  ^^,  or  — — dOTmty —  '  ^ 

therefore  become  g  —  ^fsH'  ^^^ich*  ^ ^®  P^^  ^  =  ^^  (oorrespondii^ 
to  1^  Fahr.  in  300  feet),  and  reckon  H  as  26,000^  is  approximaidj 

26000 ""  147000  ^^  H  (  ^""  6^)-  ^®  second  factor  of  the  expression  for  - 
is  unaffected.  It  appears,  then,  that  decrease  of  temperature  upwards 
at  the  rate  of  1°C.  in  640  feet,  or  1°  F.  in  300  feet  (which  is  the  gene- 
rally-received average),  makes  the  curvature  of  the  ray  five-sixths  of 
what  it  would  be  if  the  temperature  were  uniform.^ 

Combining  this  correction  with  correction  II.,  it  appears  that^  with 
a  mean  temperature  of  lO^'C.  or  50°  F.,  and  barometer  at  760"",  the 
curvature  of  a  nearly  horizontal  ray  (taking  the  earth's  curvature  es 
unity)  is 

lxr?^Vx5  =  -L  nearly. 
4i  ^  V288;    ^  6      6-5  ^ 

This  is  in  perfect  agreement  with  observation,  the  received  average 
(obtained  as  an  empirical  deduction  from  observation)  being  ^  or  f 
817.  Onrvature  of  Inolined  Bays. — ^Thus  far  we  have  been  treating 

of  nearly  horizontal  rays.  To  adapt  our  formula  for  -  ( (2)  §  816)  to 
the  case  of  an  oblique  ray,  we  have  merely  to  multiply  it  by  eos0. 

^  If  the  temperatDre  decreaaeB  upwards  at  the  rate  of  1*C.  in  n  feet,  or  l'*F.  in  ii'f«^ 
the  first  factor  of  the  expression  for-  (which  would  be  n|;  *t  uniform  temperatore)  heoaaa 

approxinuitely  h  (^  "  t)  °'  H  (^  "  z)' 
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B  denoting  the  inclination  of  the  ray  to  the  horizontal^  or  the  inclina- 
tion of  the  wave-front  to  the  vertical  For,  if  we  still  compare  two 
points  a  foot  apart,  on  the  same  wave-front,  and  in  the  same  vertical 
plane  with  each  other  and  with  the  ray,  their  difference  of  height 

will  be  the  product  of  1  foot  by  cos  d,  and  -  will  therefore  be  less 
than  before  in  the  ratio  cos  6. 

Hence  it  can  be  shown  that  the  earth's  curvature,  so  far  from 
being  the  cause  of  terrestrial  refraction,  rather  tends  in  ordinary  cir- 
cumstances to  diminish  it,  by  increasing  the  average  obliquity  of  a 
ray  joining  two  points  at  the  same  level 

The  general  formula  for  the  curvature  of  a  ray  (lying  in  a  vertical 
plane)  at  any  point  in  its  length,  may  be  written 


1  ^   /I       ^\    /  tv 


(3) 


n  denoting  the  number  of  feet  of  ascent  which  give  a  decrease  of  VC, 
and  n'  the  number  of  feet  which  give  a  decrease  of  1°  F.  The  unit 
of  length  for  H  and     may  be  anything  we  please. 

818.  Astronomical  Befraction. — Astronomical  refraction,  in  virtue 
of  which  stai-s  appear  nearer  the  zenith  than  they  really  are,  can  be 
reduced  to  these  principles ;  but  it  is  simpler,  in  the  case  of  stars  not 
more  than  70**  or  80°  from  the  zenith,  to  regard  the  earth  and  the 
layers  of  equal  density  in  the  atmosphere  as  plane,  and  to  assume 
that  the  final  result  is  the  same  as  if  the  rays  from  the  star  were 
refi'acted  at  once  out  of  vacuum  into  the  horizontal  stratum  of  air  in 
which  the  observer's  eye  is  situated.  If  z  be  the  apparent  and  z'  the 
true  zenith  distance  of  the  star,  we  shall  thus  have  sin  z'=fji  sin  z, 

whence  it  may  be  shown  that  the  value  of  z'—z,  in  terms  of  ^^^  is 

approximately  (/*—!)  tan  z. 

819.  Mirage. — ^Of  the  three  circumstances  which  govern  the  curva- 
ture of  a  ray  in  air  at  any  point  of  its  course,  viz.  pressure,  tempera- 
ture, and  rate  of  change  of  temperature,  the  third  is  in  general  the  most 

important     If  the  temperature  decreases  upwards  at  the  rate  of  53 

of  1°  F.  per  foot  of  height,  the  correction  for  refraction  will  vanish 

altogether,  and  rays  will  be  straight.  A  more  rapid  decrease  than 
this  will  render  them  concave  upwarda 
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Fig.  727,  which  is  intended  to  explain  the  rairage  of  the  desert,^ 
is  constructed  on  the  hypothesis  that  a  stratum  of  air,  eziendiDg 
from  the  ground  to  a  little  above  the  observer's  eye  E,  has  so  rapid 
a  decrease  of  temperature  upwards,  that  the  curvature  of  rays  which 
tiuverse  it  is  four  times  greater  than  the  opposite  curvature  of  lap 
in  the  air  above  it.  On  tracing  the  course  of  the  difierent  rays  rep^ 
sented  in  the  figure  as  entering  the  eye  from  the  object  AB,  ii  b 

•  

obvious  that  there  will  be  two  images;  one  of  them  A'B'  eteet  and 


■ 

/ 


/ 


i 


Fig.  rar.-Minigei 


A'V 


I 

I. 


liflbed  up,  the  odier  A''B"  inverted  and  depressed.  It  is  scaioelT 
necessary  to  remark  that  vertical  distances  are  greatly  exaggerated 
in  the  figure  as  compared  with  horizontal  distances. 

In  general,  if  there  be  a  plane  stratum  of  air  of  maximum  dezisitT, 
with  regular  diminutions  of  density  on  both  sides,  rays  which  cross 


^  See  §  726  for  a  deecription  of  the  phenomeiia. 
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it  at  a  very  small  angle  will  be  bent  round  to  it  again,  and  may  thus 
cross  it  backwards  and  forwards  any  number  of  timea  Generally 
speaking,  an  image  foiined  after  an  odd  number  of  such  crossings 
will  be  inverted,  and  after  an  even  number  erect.  Images  of  high 
orders  (that  is,  formed  by  rays  which  have  made  numerous  cross- 
ings) will  be  crowded  together  in  the  neighbourhood  of  the  true 
direction  of  the  object,  and  will  merely  produce  confusion. 

In  every  case  of  inverted  images,  the  rays  which  form  them  must 
have  crossed  one  another  an  odd  number  of  times,  and  images  formed 
by  rays  which  have  crossed  one  another  an  even  number  of  times,  or 
not  at  all,  will  be  erect.  Reversal  of  curvature  in  rays  is  not  neces- 
sary for  inversion,  nor  for  the  formation  of  multiple  images;  and  a 
phenomenon  bearing  a  strong  resemblance  to  total  reflection  may  be 
produced  by  a  thin  stratum  of  air  in  which  the  refiractive  index 
diminishes  very  rapidly  in  one  direction  only.  Suppose  the  stratum 
to  be  horizontal,  and  to  diminish  in  refractive  index  upwards.  Then 
rays  entering  it  nearly  horizontally  from  below  will  be  bent  down- 
wards in  traversing  it ;  and  if  their  original  inclination  to  the  verti- 
cal exceeds  a  certain  limiting  angle  (analogous  to  the  critical  angle 
in  total  reflection),  they  will  not  be  able  to  get  through  it,  but' will 
emerge  again  at  its  lower  side.  Two  nearly  parallel  rays  entering  it 
in  the  same  vertical  plane  wiU  cross  one  another  within  it,  and 
emerge  in  the  same  directions  as  if  they  had  been  reflected  from  a 
horizontal  mirror  in  or  above  it  An  observer  receiving  such  rays 
after  emergence  will  see  images  elevated  and  inverted;  and  he  may 
at  the  same  time  see  the  real  objects  directly  by  rays  which  have  not 
reached  the  stratum.  A  stratum  below  the  observer's  eye,  and 
rapidly  diminishing  in  refractive  index  doiunwards,  may  in  like 
manner  produce  inverted  images  below  the  real  objects.  Masses  of 
air  of  different  refractive  indices,  arranged  in  irregular  forms,  may 
produce  double  or  multiple  images;  but  these  will  generally  be  so 
blurred  and  distorted  as  to  be  barely  recognizable. 

In  dealing  with  air,  it  is  not  important  to  distinguish  between 
diflTerence  of  density  and  difference  of  refiwitive  index ;  for  /*  - 1  is 
sensibly  proportional  to  the  density  even  in  comparing  dry  air  with 
moist,  or  hot  with  cold. 

An  extremely  beautiful  imitation  of  mirage  may  be  obtained  by 
arranging,  in  a  vessel  with  plate-glass  sides,  three  clear  liquids,  one 
above  another,  such  that  the  middle  liquid,  while  intermediate  in 
density,  has  the  highest  index  of  refraction.     Very  distinct  triple 
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images  (the  middle  one  inverted)  may  thus  be  obtained  of  all  tLe 
objects  in  a  landscape.^ 

820.  Diifiraction  Fringes. — When  a  beam  of  direct  sunlight » 
admitted  into  a  dark  room  through  a  narrow  slit,  a  screen  placed  at 
any  distance  to  receive  it  will  show  a  line  of  white  lights  bordered 
with  coloured  fringes  which  become  wider  as  the  slit  is  narrove>i 
They  also  increase  in  width  as  the  screen  is  removed  further  off  If 
they  are  viewed  through  a  piece  of  red  glass  which  allowa  only  red 
rays  to  pass,  they  will  appear  as  a  succession  of  bands  alternately 
bright  and  dark. 

To  explain  their  origin,  we  shall  suppose  the  sun's  rays  (which  maj 
be  reflected  from  an  external  mirror)  to  be  perpendicular  to  the  plaoe 
of  the  slit,^  so  that  the  wave-fronts  are  parallel  to  this  plane,  and  ve 
shall,  in  the  first  instance,  confine  our  attention  to  light  of  a  particohr 
wave-length;  for  example,  that  of  the  light  transmitted  by  the  red 
glass.  Then,  if  the  slit  be  uniform  through  its  whole  length,  the 
positions  of  the  bright  and  dark  bands  will  be  governed  by  the  fol- 
io wing  laws: — 

1.  The  darkest  parts  will  be  at  points  whose  distances  from  iht 
two  edges  of  the  slit  differ  by  an  exact  number  of  wave-lengtb&  If 
the  difierence  be  one  wave-length,  the  light  which  arrives  at  aaj 
instant  from  different  parts  of  the  width  of  the  slit  is  in  all  possiUe 
phases,  and  the  disturbance  produced  by  the  nearer  half  of  the  slit 
cancels  that  produced  by  the  remoter  half.  If  the  difference  \»  ^ 
wave-lengths,  we  can  divide  the  slit  into  n  parts,  such  that  the  efieet 
due  to  each  part  is  thus  niL^ 

^  The  experiment  succeeds  well  with  saturated  and  filtered  solution  of  alum  for  tb 
lowest  liquid,  pure  water  for  the  highest,  and  clear  whisky,  with  white  sugar  dissolved  ia 
it,  for  the  intermediate  liquid.  The  solution  of  alum  should  be  introduced  first,  then.  ii» 
water,  and  lastly  the  sugared  whisky,  its  specific  gravity  (which  increases  with  the  qosn- 
tity  of  sugar)  having  been  carefully  adjusted  by  trial  before  introducing  it.  It  sbooM  he 
introduced  (by  means  of  a  pipette)  in  sufficient  quantity  to  form  a  layer  about  a  quaiter  of 
an  inch  thick.  This  combination  of  liquids,  in  a  vessel  6  inches  square,  has  been  fooad  to 
retain  its  power  of  giving  triple  images  for  several  days. 

^  That  is,  to  the  plane  of  the  two  knife-edges  by  which  the  slit  is  bounded.  This  cooditksi 
can  only  be  strictly  fulfilled  for  a  single  point  on  the  sun^s  disk.  Every  point  on  the  sna^s 
surface  sends  out  its  own  waves  as  an  independent  source ;  and  waves  from  one  point  gsbbc4 
interfere  with  waves  from  another.  In  the  experiment  as  described  in  the  text  the  ia^ 
due  to  different  parts  of  the  sun*s  surface  are  all  produced  at  once  on  the  soeen,  aad 
overlap  each  other. 

'  The  following  explanation  will  serve  to  establish  the  legitimacy  of  the  reasoning  bs« 
employed : — 

Each  element  of  the  length  of  the  slit  tends  to  produce  a  system  of  drcolar  rinss  [ihe 
screen  being  supposed  parallel  to  the  plane  of  the  slit).     If  the  width  of  the  slit  is  unifoir]. 
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2.  The  brightest  parts  will  be  at  points  whose  distances  from  the 
two  edges  of  the  slit  differ  by  an  exact  number  of  wave-lengths  phia 
a  half.  Let  the  difference  he  n  +  ^;  then  we  can  divide  the  slit  into 
n  inefficient  parts  and  one  efficient  part,  this  latter  having  only  half 
the  width  of  one  of  the  others. 

Each  colour  of  light  has  its  own  alternate  bands  of  brightness  and 
darkness,  the  distance  from  band  to  band  being  greatest  for  red  and 
least  for  violet.  I'he  superposition  of  all  the  bands  constitutes  the 
coloured  fringes  which  are  seen. 

This  experiment  furnishes  the  simplest  answer  to  the  objection 
formerly  raised  to  the  undulatory  theory,  that  light  is  not  able,  like 
sound,  to  pass  round  an  obstacle,  but  can  only  travel  in  straight  lines. 
In  this  experiment  light  does  pass  round  an  obstacle,  and  turns  more 
and  more  away  from  a  straight  line  as  the  sUt  is  narrowed. 

When  the  slit  is  not  exceedingly  narrow,  the  light  sent  in  oblique 
directions  is  quite  insensible  in  comparison  with  the  direct  light,  and 
no  fringes  are  visible.  **We  have  reason  to  think  that  when  sound 
passes  through  a  very  large  aperture,  or  when  it  is  reflected  from  a 
large  surface  (which  amounts  nearly  to  the  same  thing),  it  is  hardly 
sensible  except  in  front  of  the  opening,  or  in  the  direction  of  reflection."^ 

There  are  several  other  modes  of  producing  diffraction  fringes, 
which  our  limits  do  not  permit  us  to  notice.  We  proceed  to  describe 
the  mode  of  obtaining  a  pure  Bpectrum  by  diflraction. 

821.  Difihuition  by  a  Orating. — If  a  piece  of  glass  is  ruled  with 
parallel  equidistant  scratches  (by  means  of  a  dividing  engine  and 
diamond  point)  at  the  rate  of  some  hundreds  or  thousands  to  the  inch, 
we  shall  find,  on  looking  through  it  at  a  slit  or  other  bright  line  (the 
glass  being  held  so  that  th^  scratches  are  parallel  to  the  slit),  that  a 
number  of  spectra  are  presented  to  view,  ranged  at  nearly  equal 
distances,  on  both  sides  of  the  slit  If  the  experiment  is  made  under 
favourable  circumstances,  the  spectra  will  be  so  pure  as  to  show  a 
number  of  Fraunhofer  s  lines. 

Instead  of  viewing  the  spectra  with  the  naked  eye,  we  may  with 
advantage  employ  a  telescope,  focussed  on  the  plane  of  the  slit;  or 
we  may  project  the  spectra  on  a  screen,  by  first  placing  a  convex 
lens  so  as  to  form  an  image  of  the  slit  (which  must  be  very  strongly 

these  systems  will  be  precisely  alike,  and  will  have  for  their  resultant  a  Bystem  of  straight 

bands,  parallel  to  the  slit  and  touching  the  rings.    These  are  the  bands  described  in  the 

text.     Hence,  to  determine  the  illumination  of  any  point  of  the  screen,  it  is  only  necessary 

to  attend,  as  in  the  text,  to  the  nearest  points  of  the  two  edges  of  the  slit. 

*  Airy,  UndiUatoiy  Theory,     Art.  28 
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illuminatect)  on  the  screen,  and  then  interposing  the  ruled  glass  in 
the  path  of  the  beam. 

A  piece  of  glasa  thus  ruled  is  called  a  grating}  A  grating  Eir 
diffraction  experiments  consists  essentially  of  a  number  of  pM»l!e; 
strips  alternately  transparent  and  opaque. 

The  distance  between  the  "fixed  lines"  of  the  spectra,  and  tl* 

distance  from  one  spectnmi  to  the  next,  are  found  to  depend  od  tU 

distance  of  the  strips  measured  from  centre  to  centre,  in  other  voids, 

on  the  number  of  scratches  to  the  inch,  but  not  at  all  on  the  rebtiit 

breadths  of  the  transparent  and  opiqii^ 

strips.      This    latter  circumstance  odIj 

affects  the  brightness  of  the  spectn. 

Diffraction  spectra  are  of  great  practi- 
cal importance — 

1.  As  furnishing  a  uniform  standtH  of 
reference  in  the  comparison  of  spedn 

2.  As  affording  the  most  acciin£<' 
method  of  determining  the  wave-Ien^ 
of  the  different  elementary  ran  i-: 
light 

822.  Principle  of  Difftution  Speetzn. 
—Let  QQ  (Fig.  728)  be  a  grating,  re- 
ceiving light  from  an  infinitely*  diiua: 
point  lying  in  a  direction  perpendjiiilir 
to  the  plane  of  the  grating,  so  that  tx 
wave-fronts  of  the  incident  light  *^ 
parallel  to  this  plane.  Let  a  convti 
lens  L  be  placed  on  the  other  side  of  tite 
grating,  and  let  its  axis  make  an  acau 
angle  0  with  the  rays  incident  on  tb 
grating.  Then  the  light  colleet«l  si 
its  principal  focus  F  conmts  of  ill  tb^ 
_ .     .     ?*  ^'^'  light  incident  upon  the  lens  parallel  to 

its  axia      Let  a  denote   the  distan« 
between  the  rulings,  measured  from  centre  to  centre,  so  that  it  for 

'  The  Hon.  J.  W.  Stnitt  hu  raceatly  sbown  thai  rer;  effective  gtatiogs  db;  tc  m^ 
bj  copying  engnved  g;lAa  grktings  photognphicall;.  The  method  a^ipeaa  Hkelj  u  l>  << 
greAt  practical  service,  engraved  ^us  grMings  of  suffldent  nia  being  eitatoidy  afoin 
and  difficult  to  procure, 

*  It  is  not  juctuars  that  the  louice  aboald  be  Infinitely  diitant  (or  the  indiiaii  nji 
parallel);  bat  Uua  ii  the  nmfJeet  cms,  miiI  tha  moat  uraal  caia  in  pnctica. 
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example,  there  are  1000  lines  to  the  inch,  8  will  be  toW  <^f  ^^  ii^ch ; 
and  suppose  first  that  8  sin  6  is  exactly  equal  to  the  wave-length  Xof 
one  of  the  elementary  kinds  of  light.  Then,  of  all  the  light  which 
falls  upon  the  lens  parallel  to  its  axis,  the  left-hand  portion  in  the 
figure  is  most  retarded  (having  travelled  farthest),  and  the  right-hand 
portion  least,  the  retardation,  in  comparing  each  transparent  interval 
with  the  next,  being  constant,  and  equal  to  a  sin  0,  as  is  evident  from 
an  inspection  of  the  figure.  Now,  for  the  particular  kind  of  light  for 
which  X=8  sind,  this  retardation  is  exactly  a  wave-length,  and  all 
the  transparent  intervals  send  light  of  the  same  phase  to  the  focus  F; 
so  that,  if  there  are  1000  such  intervals,  the  resultant  amplitude 
of  vibration  of  F  is  1000  times  the  amplitude  due  to  one  interval 
alone.  For  light  of  any  other  wave-length  this  coincidence  of  phase 
will  not  exist.  For  example,  if  the  difference  between  X  and  8  sin  6 
is  xTjVrr  \  ^^^  difference  of  phase  between  the  lights  received  from 
the  1st  and  2d  intervals  will  be  -nAnr  ^  between  the  1st  and  3d  Yinyrr  ^» 
between  the  1st  and  SOlst  i^ftftr  K  or' just  half  a  wave-length,  and 
so  on.  The  1st  and  501st  are  thus  in  complete  discordance,  as  are 
also  the  2d  and  502d,  &a  Light  of  every  wave-length  except  one 
is  thus  almost  completely  destroyed  by  interference,  and  the  light 
collected  at  F  consists  almost  entirely  of  the  particular  kind  defined 
by  the  condition 

.  X  =  «  Biu  9.  (1) 

The  purity  of  the  diffraction  spectrum  is  thus  explained. 

If  a  screen  be  held  at  F,  with  its  plane  perpendicular  to  the  prin- 
cipal axis,  any  point  on  this  screen  a  little  to  one  side  of  F  will 
receive  light  of  another  definite  wave-length,  corresponding  to  an- 
other direction  of  incidence  on  the  lens,  and  a  pure  spectrum  will 
thus  be  depicted  on  the  screen. 

823.  Practical  Application. — In  the  arrangement  actually  em- 
ployed for  accurate  observation,  the  lens  L  L  is  the  object-glass  of  a 
telescope  with  a  cross  of  spider-lines  at  its  principal  focus  F.  The 
telescope  is  first  pointed  directly  towards  the  source  of  light,  and  is 
then  turned  to  one  side  through  a  measured  angle  0.  Any  fixed  line 
of  the  spectrum  can  thus  be  brought  into  apparent  coincidence  with 
the  cross  of  spider-lines,  and  its  wave-length  can  be  computed  by 
the  formula  (1). 

The  spectrum  to  which  formula  (1)  relates  is  called  the  apectrum 
of  the  firat  order. 
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There  is  also  a  spectrum  of  the  second  order,  correspoBdiDg  to 
values  of  d  nearly  twice  as  great,  and  for  which  the  equation  is 

2X  =  Bin^.  (2) 

For  the  spectrum  of  the  third  order,  the  equation  is 

3X  =  8m9;  (8) 

and  so  on,  the  explanation  of  their  formation  being  almost  predselt 
the  same  as  that  above  giveiL  There  are  two  spectra  of  each  order, 
one  to  the  right,  and  the  other  at  the  same  distance  to  the  leitc^ 
the  direction  of  the  source.  In  Angstrom*s  observations,^  which  are 
the  best  yet  taken,  all  the  spectra,  up  to  the  sixth  inclusive,  weit 
observed,  and  numerous  independent  determinations  of  wave-leDgtb 
were  thus  obtained  for  several  hundred  of  the  dark  lines  of  thest^ 
spectrum. 

The  source  of  light  was  the  infinitely  distant  image  of  an  iOnmi- 
nated  slit,  the  slit  being  placed  at  the  principal  focus  of  a  coUimat:?. 
and  illuminated  by  a  beam  of  the  sun's  rays  reflected  from  a  mintf 

The  purity  of  a  diffraction  spectrum  inco'eases  with  the  numbeot 
lines  on  the  grating  which  come  into  play,  provided  that  thejait 
exactly  equidistant ;  and  may  therefore  be  increased  either  bj  in- 
creasing the  size  of  the  grating,  or  by  ruling  its  lines  closer  togetbei 
The  gratings  employed  by  Angstrom  were  about  f  of  an  inch  square, 
the  closest  ruled  having  about  4500  lines,  and  the  widest  1500. 

As  regards  brightness,  diffraction  spectra  are  far  inferior  to  tbose 
obtained  by  prisms.  To  give  a  maximum  of  light,  the  opaque  inta^- 
vals  should  be  perfectly  opaque,  and  the  transparent  intervals  per- 
fectly transparent ;  but  even  under  the  most  favourable  coDdidim 
the  whole  light  of  any  one  of  the  spectra  cannot  exceed  about  ^ 
of  the  light  which  would  be  received  by  directing  the  telescope  to 
the  slit  The  greatest  attainable  intrinsic  brightness  in  any  part  of 
a  diffraction  spectrum  is  thus  not  more  than  -^  of  the  intrinsic 
brightness  in  the  same  part  of  a  prismatic  spectrum,  obtained  vitfa 
the  same  slit,  collimator,  and  observing  telescope,  and  with  the  same 
angular  separation  of  fixed  lines.  The  brightness  of  the  spectra  partir 
depends  upon  the  I'atio  of  the  breadths  of  the  transparent  a&i 
opaque  intervals.  In  the  case  of  the  spectra  of  the  first  order,  the 
best  ratio  is  that  of  equality,  and  equal  departures  finom  equality  in 
opposite  directions  give  identical  results ;  for  example,  if  the  breadii 

^  Angstrom,  JRecherches  iur  la  Spectrt  Solatre,    TJpBal,  1868. 
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of  the  transparent  intervals  is  to  the  breadth  of  the  opaque  either 
as  1  :  5  or  as  5  :  1,  it  can  be  shown  that  the  quantity  of  light  in  the 
first  spectrum  is  just  a  quarter  of  what  it  would  be  with  the 
breadths  equal. 

When  a  diffraction  spectrum  is  seen  with  the  naked  eye,  the  cornea 
and  crystalline  of  the  eye  take  the  place  of  the  lens  L  L,  and  form  a 
real  image  on  the  retina  at  F. 

824.  Standard  Spectrum. — The  simplicity  of  the  law  connecting 
wave-length  with  position,  in  the  spectra  obtained  by  diffraction, 
offers  a  remarkable  contrast  to  the  "irrationality"  of  the  dispersion 
produced  by  prisms.  Diffraction  spectra  may  thus  be  fairly  regarded 
as  natural  standards  of  comparison;  and,  in  particular,  the  limit- 
ing form  (if  we  may  so  call  it)  to  which  the  diffraction  spectra  tend, 
as  sin  0  becomes  small  enough  to  be  identified  with  0,  so  that  devia- 
tion becomes  simply  proportional  to  wave-length,  is  generally  and 
deservedly  accepted  by  spectroscopists  as  the  absolute  standard  of 
reference.  This  limiting  form  is  often  briefly  designated  as  "the 
diffraction  spectrum;"  it  differs  in  fact  to  a  scarcely  appreciable 
extent  from  the  first,  or  even  the  second  and  third  spectra  furnished 
in  ordinary  cases  by  a  grating. 

The  diffraction  spectrum  differs  notably  from  prismatic  spectra  in 
the  much  greater  relative  extension  of  the  red  end.  Owing  to  this 
circumstance,  the  brightest  part  of  the  diffraction  spectrum  of  solar 
light  is  nearly  in  its  centre. 

The  first  three  columns  of  numbers  in  the  subjoined  table  indicate 
the  approximate  distances  between  the  fixed  lines  B,  D,  E,  F,  G  in 
certain  prismatic  spectra,  and  in  the  standard  diffraction  spectrum, 
the  distance  from  B  to  G  being  in  each  case  taken  as  1000: — 


B  to  D,     .    . 
D  to  E,     .     . 
E  to  F,     .     . 
F  to  G,    .     . 

Flint-glasB. 
Angle  of  00'. 

Bisulphide  of 

Carbon. 
Angle  ot  60*. 

Diffraction,  or 
Difforence  of 
Wave-length. 

Difference  of 
Wave-frequency. 

220 
214 
192 
374 

194 
206 
190 
410 

381 
243 
160 
216 

278 
23  i 
184 
806 

1000 

1000 

1000 

1000 

In  the  standard  diffraction  spectrum,  deviation  is  simply  propor- 
tional to  wave-length,  and  therefore  the  distance  between  two  colours 
represents  the  difference  of  their  wave-lengths.  It  has  been  sug- 
gested that  a  more  convenient  reference-spectrum  would   be  con- 
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structed  by  assigning  to  each  colour  a  deviation  proportional  to  iu 
wave-frequency  (or  to  the  reciprocal  of  its  wave-length),  so  that  tbe 
distance  between  two  colours  will  represent  the  difference  between 
their  wave-frequencies.  The  result  of  thus  disposing  the  fixed  lies 
is  shown  in  the  last  column  of  the  above  table.  It  differs  fix)m  pfe- 
matic  spectra  in  tbe  same  direction,  but  to  a  much  less  extent  tbaQ 
the  diffmction  spectrum. 

It  has  been  suggested  by  Mr.  Stoney  as  extremely  probable,  tht 
the  bright  lines  of  spectra  are  in  many  cases  harmonics  of  some  od^ 
fundamental  vibration.  Three  of  the  four  bright  lines  of  hydix^D 
have  wave-frequencies  exactly  proportional  to  the  numbers  20, 27  aud 
32 ;  and  in  the  spectrum  of  chloro-chromic  acid  all  tbe  lines  irliQse 
positions  have  been  observed  (31  in  number)  have  wave-frequendes 
which  are  multiples  of  one  common  fundamental 

825.  Wave-lengths. — Wave-lengths  of  light  are  commonly  statcil 
in  terms  of  a  unit  of  which  10^®  make  a  metre, — hence  called  the 
tenth-metre.  The  following  are  the  wave-lengths  of  some  of  tk 
principal  "fixed  lines"  as  determined  by  Angstrom:^ — 


WAVE-LENGTHS  IN  TENTH- METRES. 


A 

7604 

B 

6867 

0 

6562 

D.   . 

5895 

Dx   . 

5889 

£ 

5269 

F 

4561 

G 

4307 

Hi   . 

8963 

H.   . 

39S3 

The  velocity  of  light  as  determined  by  Foucault  is  298  millicD 
metres  per  second,  or  298  X 10^®  tenth-metres  per  second.  The  nnm- 
ber  of  waves  per  second  for  any  colour  is  therefoi-e  298  x  10^*  dividci 
by  its  wave-length  as  above  expressed.  Hence  we  find  approxi- 
mately:— 

For  A 892  millions  of  millions  per  second. 

»   r> •'506       ,, 

>»  H 754      „  „  „ 

826.  Colours  of  Thin  Films.  Newton's  Rings. — J£  two  pieces  of 
glass,  with  their  surfaces  clean,  are  brought  into  close  contact,  coloured 
fringes  are  seen  surrounding  the  point  where  the  contact  is  dosest 
They  are  best  seen  when  light  is  obliquely  reflected  to  the  eye  from  the 
surfaces  of  the  glass,  and  fringes  of  the  complementary  colours  may 
be  seen  by  transmitted  light.     A  drop  of  oil  placed  on  the  surface  <<J 

1  The  wave-lengths  of  the  spectral  lines  of  all  elementary  substances  wiH  be  kmad  is. 
Dr.  W.  M.  Watts'  Index  of  Spectra. 
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clean  water  spreads  out  into  a  thin  film,  which  exhibits  similar 
fringes  of  colour;  and  in  general,  a  very  thin  film  of  any  transparent 
substance,  separating  media  whose  indices  of  refraction  are  different 
from  its  own,  exhibits  colour,  especially  when  viewed  by  obliquely 
reflected  light.  In  the  first  experiment  above-mentioned,  the  thin 
film  is  an  air-film  separating  the  pieces  of  glass.  In  soap-bubbles  or 
films  of  soapy  water  stretched  on  rings,  a  similar  effect  is  produced 
by  a  small  thickness  of  water  separating  two  portions  of  air. 

The  colours,  in  aU  these  cases,  when  seen  by  reflected  light,  are 
produced  by  the  mutual  interference  of  the  light  reflected  from  the 
two  surfaces  of  the  thin  film.  An  incident  ray  undergoes,  as  ex- 
plained in  §  729,  a  series  of  reflections  and  refractions;  and  we  may 
thus  distinguish,  for  light  of  any  given  refrangibility,  several  systems 
of  waves,  all  of  which  originally  came  from  the  same  source.  These 
systems  give  by  their  interference  a  series  of  alternately  bright  and 
dark  fringes ;  and  when  ordinary  white  light  is  employed,  the  fringes 
are  broadest  for  the  colours  of  greatest  wave-length.  Their  super- 
position thus  produces  the  observed  colours.  The  colours  seen  by 
transmitted  light  may  be  similarly  explained. 

The  first  careful  observations  of  these  coloured  fringes  were  made 
by  Newton,  and  they  are  generally  known  as  Newton's  rings. 


CHAPTER    LXV. 
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Fig.  729.— Toannaline  Plat«a. 


827.  Polarization. — When  a  piece  of  the  semi-transparent  mioenl 
called  tourmaline  is  cut  into  slices  by  sections  parallel  to  its  axis,  it  is 
found  that  two  of  these  slices,  if  laid  one  upon  the  other  in  a  particular 
relative  position,  as  A,  B  (Fig.  72.9),  form  an  opaque  combinatioiL 
Let  one  of  them,  in  fact,  be  turned  round  upon  the  other  through 
various  angles  (Fig.  729).     It  will  be  found  that  the  combination  is 

most  transparent  in  two  posi- 
.J»  tions  differing  by  180^  one  of 
them  ab  beinc;  the  natural 
position  which  they  origiiuliy 
occupied  in  the  crystal;  ani 
that  it  is  most  opaque  ia  the 
two  positions  at  right  angi^ 
to  these.  It  is  not  necessary  that  the  slices  should  be  cut  from 
the  same  crystal.  Any  two  plates  of  tourmaline  with  their  fiwses 
parallel  to  the  axes  of  the  crystals  from  which  they  were  cut,  wili 
exhibit  the  same  phenomenon.  The  experiment  shows  that  ligbt 
which  has  passed  through  one  such  plate  is  in  a  peculiar  and  so  to 
speak  unsymmetrical  condition.  It  is  said  to  be  pla^ie-pdarised. 
According  to  the  undulatory  theory,  a  ray  of  common  ligbt  contains 
vibrations  in  all  planes  passing  through  the  ray,  and  a  ray  of  plane- 
polarized  light  contains  vibrations  in  one  plane  only.  Polarized  light 
cannot  be  distinguished  from  common  light  by  the  naked  eye;  and 
for  all  experiments  in  polarization  two  pieces  of  apparatus  must  be 
employed — one  to  produce  polarization,  and  the  other  to  show  it 
The  former  is  called  the  polarizer,  the  latter  the  analyzer;  and  even' 
apparatus  that  serves  for  one  of  these  purposes  will  also  serve  for  the 
other.     In  the  experiment  above  described,  the  plate  next  the  eye  is 
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the  analyzer.  The  usual  process  in  examining  light  with  a  view  to 
test  whether  it  is  polarized,  consists  in  looking  at  it  through  an 
analyzer,  and  observing  whether  any  change  of  brightness  occurs  as 
the  analyzer  is  rotated.  When  the  light  of  the  blue  aky  is  thus 
examined,  a  difference  of  brightness  can  always  be  detected  accord- 
ing to  the  position  of  the  analyzer,  especially  at  the  distance  of 
abont  90°  from  the  sun.  In  all  such  cases  there  are  two  positions, 
differing  by  180°,  which  give  a  minimum  of  light,  and  the  two  posi- 
tions intermediate  between  these  give  a  maximum  of  light 

The  extent  of  the  changes  thus  observed  ia  a  measure  of  the  com- 
pleteness of  the  polarization  of  the  light. 

838.  Polarization  hj  Refleotion. — Transmission  through  tourmaline 
is  only  one  of  several  ways  in  which  light  can  be  polarized  When 
a  beam  of  light  is  reflected  from  a  polished  surface  of  glass,  wood, 
ivory,  leather,  or  any  other  non-metallic  substance,  at  an  angle  of 
from  50°  to  60°  with  the  normal,  it  is  more  or  less  polarized,  and  in 
like  manner  a  reflector  composed  of  any  of  these  substances  may  be 
employed  as  an  analyzer.  In  so  using  it,  it  should  be  rotated  about 
an  axis  parallel  to  the  incident  rays  which  are  to  be  tested,  and  the 
observation  consists  in  noting  whether  this  rotation  produces  changes 
in  the  amount  of  reflected  light. 

Maltie'  Polarieoope  (Fig,  730)  consists  of  two  reflectors  A,  B,  one 
serving  as  polarizer  and  the  other 
as  analyzer,  eatih  consisting  of  a 
pile  of  glass  plates.  Each  of  these 
reflectors  can  be  turned  about  a 
horizontal  axis ;  and  the  upper  one     ,  7 

(which  ia  the  analyzer)  can  also 
be  turned  about  a  vertical  axis, 
the  amount  of  rotation  being  mea- 
sured on  the  horizontal  circle  C  C. 
To  obtain  the  most  powerful  ef- 
fects, each  of  the  reflectors  should 
be  set  at  an  angle  of  about  SS°  to 

the  vertical,  and  a  strong  beam  of  ^^  7so.-x.a«-  Poi»ri««p.. 

common  light  should  be  allowed 

to  fall  upon  the  lower  pile  in  such  a  direction  as  to  be  reflected 
vertically  upwarda  It  will  thus  fall  upon  the  centre  of  the  upper 
pile,  and  the  angles  of  incidence  and  reflection  on  both  the  piles  will 
bo  about  57°.     The  observer  looking  into  the  upper  pile,  in  such  a 
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direction  as  to  receive  the  reflected  beam,  will  find  that,  as  tbe  upper 
pile  is  rotated  about  a  vertical  axis,  there  are  two  positions  (diffenDg 
by  180'')  in  which  he  sees  a  black  spot  in  the  centre  of  the  field  of 
view,  these  being  the  positions  in  which  the  upper  pile  refuses  to 
reflect  the  light  reflected  to  it  from  the  lower  pile.  They  are  90°  on 
either  side  of  the  position  in  which  the  two  piles  are  parallel;  this 
latter,  and  the  position  diflering  from  it  by  180°,  being  those  which 
give  a  maximum  of  reflected  light. 

For  every  reflecting  substance  there  is  a  particular  angle  of  in- 
cidence which  gives  a  maximum  of  polarization  in  the  reflected  light 
It  is  called  the  polarizing  angle  for  the  substance,  and  its  tangent  is 
always  equal  to  the  index  of  refraction  of  the  substance;  or  what 
amounts  to  the  same  thing,  it  is  that  particular  angle  of  incidence 
which  is  the  complement  of  the  angle  of  refraction,  so  that  the 
refracted  and  reflected  rays  are  at  right  angles.^  This  important  hw 
was  discovered  experimentally  by  Sir  David  Brewster. 

The  reflected  ray  under  these  circumstances  is  in  a  state  of  aIiD(£t 
complete  polarization ;  and  the  advantage  of  employing  a  piU  of 
plates  consists  merely  in  the  greater  intensity  of  the  reflected  light 
thus  furnished  The  transmitted  light  is  also  polarized ;  it  diminishes 
in  intensity,  but  becomes  more  completely  polarized,  as  the  number 
of  plates  is  increased  The  reflected  and  the  transmitted  light  are  in 
fact  mutually  complementary,  being  the  two  parts  into  which  common 
light  has  been  decomposed ;  and  their  polarizations  are  aocordingir 
opposite,  so  that,  if  both  the  transmitted  and  reflected  beams  are 
examined  by  a  tourmaline,  the  maxima  of  obscuration  will  be 
obtained  by  placing  the  axis  of  the  tourmaline  in  the  one  case 
parallel  and  in  the  other  perpendicular  to  the  plane  of  incidence. 

It  is  to  be  noted  that  what  is  lost  in  reflection  is  gained  in  trans- 
mission, and  that  polarization  never  favours  reflection  at  the  expense 
of  transmission. 

829.  Plane  of  Polarization. — That  particular  plane  in  which  a  ny 
of  polarized  light,  incident  at  the  polarizing  angle,  is  most  copiouslj 
reflected,  is  called  the  plane  of  polai^ation  of  the  ray.  When  the 
polarization  is  produced  by  reflection,  the  plane  of  reflection  ia  tbe 

'  Adopting  tbe  indices  of  refraction  given  in  the  table  §  724,  we  find  tbe  foUowii^  vilaa 
for  tbe  polarizing  angle  for  tbe  undermentioned  Bubstanoea : — 


Diamond,.  .  .  67M3' to  70*  3' 
FUnt-glass,  .  .  57' 86' to  58M0' 
Crown-gLwa,.     .     66»  51' to  67"  23' 


Pure  Water, SSMl* 

Air, i^ 
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plane  of  polarization.  According  to  FresneFs  theory,  which  is  that 
generally  received,  the  vibrations  of  light  polarized  in  any  plane  are 
perpendicular  to  that  plane  (§  841).  The  vibrations  of  a  ray  reflected 
at  the  polarizing  angle  are  accordingly  to  be  regarded  as  perpendi- 
cular to  the  plane  of  incidence  and  reflection,  and  therefore  as  parallel 
to  the  reflecting  surface. 

830.  Polarization  by  Double  Refraction. — We  have  described  in  §732 
some  of  the  principal  phenomena  of  double  refraction  in  uniaxal 
crystals.  We  have  now  to  mention  the  important  fact  that  the  two 
rays  furnished  by  double  refraction  are  polarized,  the  polarization  in 
this  case  being  more  complete  than  in  any  of  the  cases  thus  far  dis- 
cussed. On  looking  at  the  two  images  through  a  plate  of  tourmaline, 
or  any  other  analyzer,  it  will  be  found  that  they  undergo  great  varia- 
tions of  brightness  as  the  analyzer  is  rotated,  one  of  them  becoming 
fainter  whenever  the  other  becomes  brighter,  and  the  maximum 
.brightness  of  either  being  simultaneous  with  the  absolute  extinction 
of  the  other.  If  a  second  piece  of  Iceland-spar  be  used  as  the  analyzer, 
four  images  will  be  seen,  of  which  one  pair  become  dimmer  as  the 
other  pair  become  brighter,  and  either  of  these  pairs  can  be  extin- 
guished by  giving  the  analyzer  a  proper  position. 

831.  Theory  of  Doable  Refraction. — The  existence  of  double  i-efrac- 
tion  admits  of  a  very  natural  explanation  on  the  undulatory  theory. 
In  uniaxal  crystals  it  is  assumed  that  the  elasticity  of  the  luminifer- 
ous  aether  is  the  same  for  all  vibrations  executed  in  directions  perpen- 
dicular to  the  axis;  and  that,  for  vibititions  in  other  directions,  the 
elasticity  varies  solely  according  to  the  inclination  of  the  direction  of 
vibration  to  the  axis.  There  are  two  classes  of  doubly- refracting 
uniaxal  crystals,  called  respectively  positive  and  negative.  In  the 
former  the  elasticity  for  vibrations  perpendicular  to  the  axis  is  a 
maximum ;  in  the  latter  it  is  a  minimum.  Iceland-spar  belongs  to 
the  latter  class ;  and  as  small  elasticity  implies  slow  propagation,  a 
ray  propagated  by  vibrations  perpendicular  to  the  axis  will,  in  this 
crystal,  travel  with  minimum  velocity ;  while  the  most  rapid  pro- 
pagation will  be  attained  by  rays  whose  vibrations  are  parallel  to 
the  axis. 

Consider  any  plane  oblique  to  the  axis.  Through  any  point  in 
this  plane  we  can  draw  one  line  perpendicular  to  the  axis ;  and  the 
line  at  right  angles  to  this  will  have  smaller  inclination  to  the  axis 
than  any  other  line  in  the  plane.  These  two  lines  are  the.  directions 
of  least  and  greatest  resistance  to  vibration ;  the  former  is  the  direc- 
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tion  of  vibration  for  an  ordinary,  and  the  latter  for  an  extraordinaiy 
ray.  The  velocity  of  propagation  is  the  same  for  the  ordinaiy  mys 
in  all  directions  in  the  crystal,  so  that  the  wave-surface  for  these  is 
spherical ;  but  the  velocity  of  propagation  for  the  extraordinary  rava 
differs  according  to  their  inclination  to  the  axis,  and  their  wave- 
surface  is  a  spheroid  whose  polar  diameter  is  equal  to  the  diameter 
of  the  aforesaid  sphere.  The  sphere  and  spheroid  touch  one  another 
at  the  extremities  of  this  diameter  (which  is  parallel  to  the  axis  of 
the  crystal),  and  the  ordinary  and  extraordinary  rays  in  this  par- 
ticular direction  coincide,  so  that  the  double  refraction  becomes  singk 
The  course  of  the  two  rays  produced  in  the  crystal  by  a  given  ray 
incident  on  a  plane  face,  may  be  determined  by  Huygens*  eonstroe- 
tion,  which  has  been  described  in  §  811.  The  ordinary  index  is  the 
ratio  of  the  velocity  in  air  to  the  velocity  of  the  ordinary  ray.  The 
extraordinary  index  (so  called)  is  the  ratio  of  the  velocity  in  air  to 
the  velocity  of  the  slowest  extraordinary  rays  in  the  case  of  positive 
crystals,  or  to  the  velocity  of  the  swiftest  extraordinary  rays  in  the 
case  of  negative  crystala     In  both  cases  the  extraordinary  index  is 

ji     J         1  fi    Bine  of  incidence         i  •  %      t/*»  i.    j^  at  •»• 

that  value  of  ■.:~^  of  refraction   '^'^*^"  differs  most  from  the  ordinaiy 


una 


index. 


Tlie  extraordinary  index   is  applicable  to  refraction  at  a 

plane  surface  parallel  to  the  axis,  when 
the  plane  of  incidence  is  perpendicular  to 
the  axis. 

Toiurmaline,  like  Iceland-spar,  is  a  nega- 
tive uniaxal  crystal ;  and  its  use  as  a  pol- 
arizer depends  on  the  property  whidi  it 
possesses  of  absorbing  the  ordinary  much 
more  rapidly  than  the  extraordinary  raj, 
so  that  a  thickness  which  is  tolerably 
transparent  to  the  latter  is  almost  com- 
pletely opaque  to  the  former. 

832.  Nicors  Prism. — One  of  the  most 
convenient  and  effective  contrivances  for 
polarizing  light,  or  analyzing  it  when  pol- 
arized, is  that  known,  from  the  name  of 
its  inventor,  as  NicoFs  prism.  It  is  made 
by  slitting  a  rhomb  of  Iceland-spar  along  a  diagonal  plane  acbd 
(Fig.  731),  and  cementing  the  two  pieces  together  in  their  natunl 
position   by  Canada  balsam,  a  substance   whose   refractive  index 


Fig.  731.— Nioors  Priam. 
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is  intermediate  between  the  ordinary  and  extraordinary  indices  of  the 
crystal^  A  ray  of  common  light  SI  undergoes  double  refraction  on 
entering  the  prism.  Of  the  two  rays  thus  formed,  the  ordinary  ray 
is.  totally  reflected  on  meeting  the  first  surface  of  the  balsam,  and 
passes  out  at  one  side  of  the  crystal,  as  oO;  while  the  extraordinary 
ray  is  transmitted  through  the  balsam  as  through  a  parallel  plate, 
and  finally  emerges  at  the  end  of  the  prism,  in  the  direction  e  £, 
parallel  to  the  original  direction  SI.  This  apparatus  has  nearly  all 
the  convenience  of  a  tourmaline  plate,  with  the  advantages  of  much 
greater  transparency  and  of  complete  polarization. 

In  Foucault's  prism,  which  is  extensively  used  instead  of  NicoFs, 
the  Canada  balsam  is  omitted,  and  there  is  nothing  but  air  between 
the  two  pieces.  This  change  has  the  advantage  of  shortening  the 
prism  (because  the  critical  angle  of  total  reflection  depends  on  the 
relative  index  of  refraction  of  the  two  media),  but  gives  a  smaller 
field  of  view,  and  rather  more  loss  of  light  by  reflection. 

838.  Colours  produced  by  Elliptic  Polarization. — Very  beautiful 
colours  may  be  produced  by  the  peculiar  action  of  polarized  light. 
For  example,  if  a  piece  of  selenite  (crystallized  gypsum)  about  the 
thickness  of  paper,  is  introduced  between  the  polarizer  and  analyzer 
of  any  polarizing  an-angement,  and  turned  about  into  different 
directions,  it  will  in  some  positions  appear  brightly  coloured,  the 
colour  being  most  decided  when  the  analyzer  is  in  either  of  the  two 
critical  positions  which  give  respectively  the  greatest  light  and  the 
greatest  darkness.  The  colour  is  changed  to  its  complementary  by 
rotating  the  analyzer  through  a  right  angle ;  but  rotation  of  the  piece 
of  selenite,  when  the  analj'zer  is  in  either  of  the  critical  positions, 
merely  alters  the  depth  of  the  colour  without  changing  its  tint,  and 
in  certain  critical  positions  of  the  selenite  there  is  a  complete  absence 
of  colour.  Thicker  plates  of  selenite  restore  the  light  when  ex- 
tinguished by  the  analyzer,  but  do  not  show  colour. 

834.  Explanation. — ^The  following  is  the  explanation  of  these 
appearancea  Let  the  analyzer  be  turned  into  such  a  position  as  to 
produce  complete  extinction  of  the  plane-polarized  light  which  comes 
to  it  from  the  polarizer;  and  let  the  plane  of  polarization  and  the 
plane  perpendicular  thereto  (and  parallel  to  the  polarized  rays)  be 

^  a  and  h  are  the  comers  at  whicli  three  eqaal  obtuse  angles  meet  (§  733).  The  ends  of 
the  rhomb  which  are  shaded  in  the  figure  are  rhombuses.  Their  diagonals  draivn  through 
a  and  b  respectively  will  lie  in  one  plane,  which  will  contain  the  axis  of  the  crystal,  and 
will  cut  the  plane  of  section  a  e  6  d  at  right  angles.  The  length  of  the  rhomb  is  about  three 
and  a  half  times  its  breadth. 
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called  the  two  planes  of  reference.     Let  the  slice  of  selenite  be  laid 
so  that  the  polarized  rays  pass  through  it  normally.     Then  there  are 
two  directions,  at  right  angles  to  each  other,  which  are  the  direction 
of  greatest  and  least  elasticity  in  the  plane  of  the  slice.     Unless  the 
slice  is  laid  so  that  these  directions  coincide  with  the  two  planes  of 
reference,  the  plane-polarized  light  which  is  incident  upon  it  will  be 
broken  up  into  two  rays,  one  of  which  will  traverse  it  more  rapidly 
than  the  other.     Referring  to  the  diagram  of  Lissajous'  figures  (Fig. 
604),  let  the  sides  of  the  rectangle  be  the  directions  of  greatest  and 
least  elasticity,  and  let  the  diagonal  line  in  the  first  figure  be  tbe 
direction  of  the  vibrations  of  an  incident  ray, — this  diagonal  acoofd- 
ingly  lies  in  one  of  the  two  planes  of  reference.     In  traversing  tbe 
slice,  the  component  vibrations  in  the  directions  of  greatest  and 
least  elasticity  will  be  propagated  with  unequal  velocities;  and  if  the 
incident  ray  be  homogeneous,  the  emergent  light  will  be  ellipticaUj 
polarized ;  that  is  to  say,  its  vibrations,  instead  of  being  rectilinear, 
will  be  elliptic,  precisely  on  the  principle^  of  Blackburn  s  penduluni 
(§  677  A).     The  shape  of  the  ellipse  depends,  as  in  the  case  of  Lis 
sajous'  figures,  on  the  amount  of  retardation  of  one  of  the  two  asm- 
ponent  vibrations  as  compared  with  the  other,  and  this  is  directlj 
proportional  to  the  thickness  of  the  slice.    The  analyzer  resolves  th^e 
elliptic  vibrations  into  two  rectilinear  components  parallel  and  per- 
pendicular to  the  original  direction  of  vibration,  and 
suppresses  one  of  these  components,  so  that  only  the 
other  remains.     Thus  if  the  ellipse  in  the  annexed 
figure  (Fig.  732)  represent  the  vibrations  of  the  hgbt 
as  it  emerges  from  the  selenite,  and  CD,  EF  be  tan- 
gents parallel  to  the  original  direction  of  vibratioiL 
the  perpendicular  distance  between  these  tangent 
A£,  is  the  component  vibration  which  is  not  sop- 
Fig.  782.-coi<mri  of    pressed  when  the  analyzer  is  so  turaed  that  all  the 

light  would  be  suppressed  if  the  selenite  were  re- 
moved. By  rotating  the  analj^zer,  we  shall  obtain  vibrations  of  vari- 
ous amplitudes,  corresponding  to  the  distances  between  parallel  tan- 
gents drawn  in  various  directions. 

For  a  certain  thickness  of  selenite  the  ellipse  will  become  a  cirde, 

^  The  principle  is  that,  whereas  displacement  of  a  particle  parallel  to  either  of  the  aim 
of  the  rectangle  calls  out  a  restoring  force  directly  opposite  to  the  displacement.  disf^Ke^ 
ment  in  any  other  direction  calls  out  a  restoring  force  inclined  to  the  direction  of  diBpbc»> 
ment,  being  in  fact  the  resultant  of  the  two  restoring  forces  which  its  two  oompooeets 
parallel  to  the  sides  of  the  rectangle  would  call  out. 


COLOURS  OF  SELENITE  PLATES.  1039 

and  we  have  thus  what  is  called  circularly-polarized  light,  which  is 
characterized  hy  the  property  that  rotation  of  the  analyzer  produces 
no  change  of  intensity.  Circularly-polarized  light  is  not  however 
identical  with  ordinary  light;  for  the  interposition  of  an  additional 
thickness  of  selenite  converts  it  into  elliptically  (or  in  a  particular 
case  into  plane)  polarized  light  (§  840). 

The  above  explanation  applies  to  homogeneous  light  When  the 
incident  light  is  of  various  refrangibilities,  the  retardation  of  one 
component  upon  the  other  is  greatest  for  the  rays  of  shortest  wave- 
length. The  ellipses  are  accordingly  different  for  the  different  elemen- 
tary colours,  and  the  analyzer  in  any  given  position  will  produce 
unequal  suppression  of  different  coloui*s.  But  since  the  component 
which  is  suppressed  in  any  one  position  of  the  analyzer,  is  the  com- 
ponent which  is  not  suppressed  when  the  analyzer,  is  turned  through 
a  right  angle,  the  light  yielded  in  the  former  case  pliis  the  light 
yielded  in  the  latter  must  be  equal  to  the  whole  light  wliich  was 
incident  on  the  selenite.^  Hence  the  colours  exhibited  in  these  two 
positions  must  be  complementary. 

It  is  necessary  for  the  exhibition  of  colour  in  these  experiments 
that  the  plate  of  selenite  should  be  very  thin,  otherwise  the  retarda- 
tion of  one  component  vibration  as  compared  with  the  other  will  be 
greater  by  several  complete  periods  for  violet  than  for  red,  so  that 
the  ellipses  will  be  identical  for  several  different  colours,  and  the 
total  non-suppressed  light  will,  be  sensibly  white  in  all  positions  of 
the  analyzer. 

Two  thick  plates  may  however  be  so  combined  as  to  produce  the 
effect  of  one  thin  plate.  For  example,  two  selenite  plates,  of  nearly 
equal  thickness,  may  be  laid  one  upon  the  other,  so  that  the  direc- 
tion of  greatest  elasticity  in  the  one  shall  be  parallel  to  that  of  least 
elasticity  in  the  other.  The  resultant  effect  in  this  case  will  be  that 
due  to  the  difference  of  their  thicknesses.  Two  plates  so  laid  are 
said  to  be  crossed. 

835.  Colours  of  Plates  perpendicnlar  to  Axis. — ^A  different  class  of 
appearances  are  presented  when  a  plate,  cut  from  a  uniaxal  crystal 
by  sections  perpendicular  to  the  axis,  is  inserted  between  the  polar- 
izer and  the  analyzer.     Instead  of  a  broad  sheet  of  uniform  colour, 

^  We  here  neglect  the  light  absorbed  and  scattered;  but  the  loss  of  this  does  not  sensibly 
afiect  the  colour  of  the  whole.  It  is  to  be  borne  in  mind  that  the  intensity  of  light  is  mea- 
sured by  the  iquare  of  the  amplitude,  and  is  therefore  the  simple  sum  of  the  intensities  of 
its  two  components  when  the  resolution  is  rectangular. 
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we  have  now  a  Bystem  of  coloured  rings,  interrupted  when  the 
analyzer  is  in  one  of  the  two  critical  positions,  by  a  black  or  white 
cross,  as  at  A,  B  (Fig.  733). 

836.  Xzpluiation, — The  following  is  the  explanation  of  these  ap- 
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Fig.  TSS.— IUii|i  mil  CroBL 

pearancea  Suppose,  for  simplicity,  that  the  analyzer  is  a  plate  (f 
tourmaline  held  close  to  the  eye.  Then  the  light  wliich  comes  to 
the  eye  irom  the  nearest  point  of  the  plate  under  examination  (the 
foot  of  a  perpendicular  dropped  upon  it  from  the  eye),  has  traver^ii 
the  plate  normally,  and  therefore  parallel  to  its  optic  axis.  It  hu 
therefore  not  been  reaolved  into  an  ordinary  and  an  extraordinaiy 
ray,  but  has  emerged  from  the  plate  in  the  same  condition  in  whid 
it  entered,  and  is  therefore  black,  gray,  or  white  according  to  tht 
position  of  the  analyzer,  just  as  it  would  be  if  the  plate  were  re- 
moved. But  the  light  which  comes  obliquely  to  the  eye  from  acj 
other  part  of  the  plate,  has  traversed  the  plate  obliquely,  and  bis 
undergone  double  refi-actioa  Let  E  (Fig.  751; 
be  the  position  of  the  eye,  E  0  a  perpendiculv 
on  the  plate,  P  a  point  on  the  circumference  of  i 
circle  described  about  0  as  centre.  Then,  since 
E  O  is  parallel  to  the  axis  of  the  plate,  the  direc- 
tion of  vibration  for  the  ordinary  ray  at  P  is 
perpendicular  to  the  plane  E  0  P,  and  is  tangen- 
tial to  the  circle.  The  dii-ection.  of  vibration  for 
the  extraordinary  ray  lies  in  the  plane  EOF,  is 
Fif .  734.  nearly  perpendicular  to  E  0  (or  to  the  aris),  if 

Theoij  of  Ring!  urf  Cto»      ,,  ,A-r.-n-  ii  jj-.  t 

the  angle  u  E  P  is  small,  and  deviates  more  nom 
perpendicularity  to  the  axis  as  the  angle  O  E  P  increasea  Both  for 
this  reason,  and  also  on  account  of  the  greater  thickness  traversed, 
the  retardation  of  one  ray  upon  the  other  is  greater  as  P  is  taken 
further  from  O;  and  from  the  symmetry  of  the  circumstances,  i( 
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must  be  the  same  at  the  same  distance  from  O  all  round.  In  con- 
sequence of  this  retardation,  the  light  which  emerges  at  P  in  the  di- 
rection P  E  is  elliptically  polarized;  and  by  the  agency  of  the  analyzer 
it  is  accordingly  resolved  into  two  components,  one  of  which  is  sup- 
pressed. With  homogeneous  light,  rings  alternately  dark  and  bright 
would  thus  be  formed  at  distances  from  O  corresponding  to  retarda- 
tions of  0,  J,  1, 1  J,  2,  2|, .  .  .  complete  periods;  and  it  can  be  shown 
that  the  radii  of  these  rings  would  be  proportional  to  the  numbers  0, 
VI,  V2,  V3,  V4,  V5,  V6:  .  .  .  The  rings  are  larger  for  light  of  long 
than  of  short  wave-length ;  and  the  coloured  rings  actually  exhibited 
when  white  light  is  employed,  are  produced  by  the  superposition  of 
all  the  systems  of  monochromatic  rings.  The  monochromatic  rings 
for  red  light  are  easily  seen  by  looking  at  the  actual  rings  through 
a  piece  of  red  glass. 

Let  O,  P,  Fig.  735,  be  the  same  points  which  were  denoted  by 
these  letters  in  Fig.  734,  and  let  A  B 
be  the  direction  of  vibration  of  the 
light  incident  on  the  crystal  at  P. 
Draw  A  C,  D  B  parallel  to  O  P,  and 
complete  the  rectangle  A  C  B  D.  Then 
the  length  and  breadth  of  this  rect- 
angle are  approximately  the  direc- 
tions of  vibration   of  the  two  com-  Fig.736.-Thaa,yofRing.andCTc«. 

ponents,  one  of  which  loses  upon  the 

other  in  traversing  the  crystal.  The  vibration  of  the  emergent  ray  is 
represented  by  an  ellipse  inscribed  in  the  rectangle  A  C  B  D  (§  C76, 
note  2) ;  and  when  the  loss  is  half  a  period,  this  ellipse  shrinks  into  a 
straight  line,  namely,  the  diagonal  C  D.  Through  C  and  D  draw 
lines  parallel  to  AB;  then  the  distance  between  these  parallels 
represents  the  double  amplitude  of  the  vibration  which  is  trans- 
mitted when  there  has  been  a  retardation  of  half  a  period,  and  is 
greater  than  the  distance  between  the  tangents  in  the  same  direc- 
tion to  any  of  the  inscribed  ellipses.  A  retardation  of  another  half 
period  will  again  reduce  the  inscribed  ellipse  to  the  straight  line 
A  B,  as  at  first.  The  position  D  C  corresponds  to  the  brightest  and 
A  B  to  the  darkest  part  of  any  one  of  the  series  of  rings  for  a  given 
wave-length  of  light,  the  analyzer  being  in  the  position  for  sup- 
pressing all  the  light  if  the  crystal  were  removed.  When  the  analyzer 
is  turned  into  the  position  at  right  angles  to  this,  A  B  corresponds 
to  the  brightest,  and  D  C  to  the  darkest  parts  of  the  ringa     It  is  to 

67 
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be  remembered  that  amount  of  retardation  depends  upon  distazKS 
from  the  centre  of  the  rings,  and  is  the  same  all  round.  The  two 
diagonals  of  our  rectangle  therefore  correspond  to  different  sizes  d 
rings. 

If  the  analyzer  is  in  such  a  position  with  respect  to  the  point  P 
considered,  that  the  suppressed  vibration  is  parallel  to  one  of  the 
sides  of  the  rectangle  (in  other  words,  if  O  P,  or  a  line  perpendi- 
cular to  O  P,  is  the  direction  of  suppression)  the  retardation  of  one 
component  upon  the  other  has  no  influence,  inasmuch  as  one  of  the 
two  components  is  completely  suppressed  and  the  other  is  completely 
transmitted.  There  are,  accordingly,  in  all  positions  of  the  analyze, 
a  pair  of  diameters*  coinciding  with  the  directions  of  suppr^on 
and  non-suppression,  which  are  alike  along  their  whole  length  and 
free  from  colour. 

Again  if  P  is  situated  at  B  or  at  90"^  from  B,  the  comer  C  of  the 
rectangle  coincides  with  B  or  with  A,  and  the  rectangle,  with  all  its 
inscribed  ellipses,  shrinks  into  the  straight  Une  AR  The  two 
diameters  coincident  with  and  perpendicular  to  AB  are  therefi»« 
alike  along  their  whole  length  and  uncoloured. 

The  two  colourless  croases  which  we  have  thus  accounted  for,  one 
of  them  turning  with  the  analyzer  and  the  other  remaining  fixed 
with  the  polarizer,  are  easily  observed  when  the  analyzer  is  notn^ 
the  critical  positions.  In  the  critical  positions,  the  two  crosses  com 
into  coincidence ;  and  these  are  also  the  positions  of  maximum  biaick- 
ness  or  maximum  whiteness  for  the  two  crosses  considered  separ- 
ately. Hence  the  conspicuous  character  of  the  cross  in  eit-her  d 
these  positions,  as  represented  at  A,  B,  Fig.  733.  As  the  analyzer  is 
turned  away  from  these  positions,  the  cross  at  first  turns  after  it 
with  half  its  angular  velocity,  but  soon  breaks  up  into  rings,  sob^ 
what  in  the  manner  represented  at  C,  which  corresponds  to  a  posi- 
tion not  differing  much  from  A. 

837.  Biaxal  Crystals. — Crystals  may  be  divided  optically  into 
three  classes: — 

1.  Those  in  which  there  is  no  distinction  of  different  directioDS,as 
regards  optical  properties.  Such  crystals  are  said  to  be  opticaDj 
isotropic, 

2.  Those  in  which  the  optical  properties  are  the  same  for  all  dii^ 
tions  equally  inclined  to  one  particular  direction  called  the  optieaxxs, 
but  vary  according  to  this  inclination.  Such  crystals  are  called 
uniaxal. 
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3.  All  remaining  crystals  (excluding  compound  and  irregular  for- 
mations) belong  to  the  class  called  biaxaL  In  any  homogeneous 
elastic  solid,  there  are  three  cardinal  directions  called  axes  of  elaatv- 
city,  possessing  the  same  distinctive  properties  which  belong  to  the 
two  principal  planes  of  vibration  in  Blackburn's  pendulum  (§  677  A) ; 
that  is  to  say,  if  any  small  portion  of  the  solid  be  distorted  by  for- 
cibly displacing  one  of  its  particles  in  one  of  these  cardinal  directions, 
the  forces  of  elasticity  thus  evoked  tend  to  urge  the  particle  directly 
back;  whereas  displacement  in  any  other  direction  calls  out  forces 
whose  resultant  is  generally  oblique  to  the  direction  of  displacement, 
so  that  when  the  particle  is  released  it  does  not  fly  back  through  the 
position  of  equilibrium,  but  passes  on  one  side  of  it,  just  as  the.  bob 
of  Blackburn's  pendulum  generally  passes  beside  and  not  through 
the  lowest  point  which  it  can  reach. 

In  biaxal  crystals,  the  resistances  to  displacement  in  the  three 
cardinal  directions  are  all  unequal;  and  this  is  true  not  only  for  the 
crystalline  substance  itself^  but  also  for  the  luminiferous  aether  which 
pervades  it,  and  is  influenced  by  it.^  The  construction  given  by 
Fresnel  for  the  wave-surface  in  any  crystal  is  as  follows: — First 
take  an  ellipsoid,  having  its  axes  parallel  to  the  three  cardinal  direc- 
tions, and  of  lengths  depending  on  the  particular  crystalline  sub- 
stance considered.  Then  let  any  plane  sections  (which  will  of  course 
be  ellipses)  be  made  through  the  centre  of  this  ellipsoid,  let  normals 
to  them  be  drawn  through  the  centre,  and  on  each  normal  let  points 
be  taken  at  distances  from  the  centre  equal  to  the  greatest  and  least 
radii  of  the  coiresponding  section.  The  locus  of  these  points  is  the 
complete  wave-surface,  which  consists  of  two  sheets  cutting  one 
another  at  four  points.  These  four  points  of  intersection  are  situated 
upon  the  normals  to  the  two  circular  sections  of  the  ellipsoid,  and 
the  two  optic  axes,  from  which  biaxal  crystals  derive  their  name, 
are  closely  related  to  these  two  circular  sectiona  The  optic  axes 
are  the  directions  of  single  wave^elocityy  and  the  normals  to  the 
two  circular  sections  are  the  directions  of  single  ray-velocity.  The 
direction  of  advance  of  a  wave  is  always  regarded  as  normal  to  the 
front  of  the  wave,  whereas  the  direction  of  a  ray  (defined  by  the 
condition  of  traversing  two  apertures  placed  in  its  path)  always 
passes  through  the  centre  of  the  wave-surface,  and  is  not  in  general 
normal  to  the  front     Both  these  pairs  of  directions  of  single  velo- 

^  The  cardinal  directions  are  however  believed  not  to  be  the  same  for  the  eother  as  for 
tlie  material  of  the  ciystaL 
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City  are  m  the  plane  which  contains  the  greatest  and  least  axes  of 
the  ellipsoid. 

When  two  axes  of  the  ellipsoid  are  equal,  it  becomes  a  spheroid, 
and  the  crystal  is  uniaxal.  When  all  three  axes  are  equal,  it  be- 
comes a  sphere,  and  the  crystal  is  isotropic. 

Experiment  has  shown  that  biaxal  crystals  expand  with  heat 
nneqaally  in  three  cardinal  directions,  so  that  in  fact  a  sphericsl 
piece  of  such  a  crystal  is  changed  into  an  ellipsoid^  when  its  tem- 
perature is  raised  or  lowered  A  spherical  piece  of  a  uniaxal  crystal 
in  the  same  circumstances  changes  into  a  spheroid ;  and  a  spherical 
piece  of  an  isotropic  crystal  remains  a  sphere. 

It.  is  generally  possible  to  determine  to  which  of  the  three  daases 
a  crystal  belongs,  from  a  mere  inspection  of  its  shape  as  it  occurs  in 
nature.  Isotropic  crystals  are  sometimes  said  to  be  symmetrical 
about  a  point,  uniaxal  crystals  about  a  line,  biaxal  crystals  about 
neither.     The  following  statement  is  rather  more  precise: — 

If  there  is  one  and  only  one  line  about  which  if  the  crystal  be 
rotated  through  90°  or  else  through  120''  the  crystalline  form  remaios 
in  its  original  position,  the  crystal  is  uniaxal,  having  that  line  &r 
the  axis.  If  there  is  more  than  one  such  line,  the  crystal  is  isotropic, 
while,  if  there  is  no  such  line,  it  is  biaxaL  Even  in  the  last  case,  if 
there  exist  a  plane  of  crystalline  symmetry,  such  that  one  half  of 
the  crystal  is  the  reflected  image  of  the  other  half  with  respect  to 
this  plane,  it  is  also  a  plane  of  optical  symmetry,  and  one  of  the 
three  cardinal  dii'ections  for  the  aether  is  perpendicular  to  it^ 

Glass,  when  in  a  strained  condition,  ceases  to  be  isotropic,  and  if 
inserted  between  a  polarizer  and  an  analyzer,  exhibits  ooloored 
streaks  or  spots,  which  afford  an  indication  of  the  distribution  of 
strain  through  its  substance.  The  experiment  is  shown  sometimes 
with  unannealed  glass,  which  is  in  a  condition  of  permanent  strain, 
sometimes  with  a  piece  of  ordinary  glass  which  can  be  subjected  to 
fotce  at  pleasure  by  turning  a  screw.  Any  very  small  portion  of  a 
piece  of  strained  glass  has  the  optical  properties  of  a  crystal,  but 
different  portions  have  different  properties,  and  hence  the  glass  as  a 
whole  does  not  behave  like  one  crystal. 

The  production  of  colour  by  interposition  between  a  polarizer  and 

'  This  fact  fnmiaheB  the  best  possible  definition  of  an  ellipsoid  for  peraons  unaoqiuiDted 
with  solid  geometry. 

*  The  optic  axes  either  lie  in  the  plane  of  symmetry,  or  lie  in  a  perpendicnlar  plane  aai 
are  equally  inclined  to  the  plane  of  symmetry. 

For  the  precise  statement  here  ^ven,  the  Editor  is  indebted  to  Professor  Stoker 
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an  analyzer,  Ib  by  far  the  most  delicate  test  of  double  refraction. 
Many  organic  bodies  (for  example,  grains  of  starch)  are  thus  found 
to  be  doubly  refracting ;  and  microscopists  often  avail  themselves  of 
this  means  of  detecting  diversities  of  structure  in  the  objects  which 
they  examine. 

838.  Botation  of  Plane  of  Polarusation. — When  a  plate  of  quartz 
(rock-crystal),  even  of  considerable  thickness,  cut  perpendicular  to 
the  axis,  is  interposed  between  the  polarizer  and  analyzer,  colour  is 
exhibited,  the  tints  changing  as  the  analyzer  ia  rotated;  and  similar 
effects  of  colour  are  produced  by  employing,  instead  of  quartz,  a  solu- 
tion of  sugar,  inclosed  in  a  tube  with  plane  glass  enda 

If  homogeneous  light  is  employed,  it  is  found  that  if  the  analyzer 
is  first  adjusted  to  produce  extinction  of  the  polarized  light,  and  the 
quartz  or  saccharine  solution  is  then  introduced,  there  is  a  partial 
restoration  of  light  On  rotating  the  analyzer  through  a  certain 
angle,  there  is  again  complete  extinction  of  the  light ;  and  on  com- 
paring different  plates  of  quartz,  it  will  be  found  that  the  angle 
through  which  the  analyzer  must  be  rotated  is  proportional  to  the 
thickness  of  the  plate.  In  the  case  of  solutions  of  sugar,  the  angle  is 
proportional  jointly  to  the  length  of  the  tube  and  the  strength  of 
the  solution. 

The  action  thus  exerted  by  quartz  or  sugar  is  called  rotation  of 
the  plane  of  polarization^  a  name  which  precisely  expresses  the 
observed  phenomena.  In  the  case  of  ordinary  quartz,  and  solutions 
of  sugar-candy,  it  is  necessary  to  rotate  the  analyzer  in  the  direc- 
tion of  watch-hands  as  seen  by  the  observer,  and  the  rotation  of 
the  plane  of  polarization  is  said  to  be  right-handed.  In  the  case 
of  what  is  called  left-handed  quartz,  and  of  solutions  of  non-crystal- 
lizable  sugar,  the  rotation  of  the  plane  of  polarization  is  in  the 
opposite  direction,  atid  the  observer  must  rotate  the  analyzer  against 
watch-hands. 

The  amount  of  rotation  is  different  for  the  different  elementary 
colours,  and  has  been  found  to  be  inversely  as  the  square  of  the 
wave-length.     Hence  the  production  of  colour. 

839.  Hagneto-optic  Botation. — Faraday  made  the  remarkable  dis- 
covery that  the  plane  of  polarization  can  be  rotated  in  certain  cir- 
cumstances by  the  action  of  magnetism.  Let  a  long  rectangular 
piece  of  "  heavy-glass"  (silico-borate  of  lead)  be  placed  longitudinally 
between  the  poles  of  the  powerful  electro-magnet  represented  in 
Fig.  432  (Part  III.),  which  is  for  this  purpose  made  hollow  in  its  axis, 
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« 

BO  that  an  observer  can  see  through  it  from  end  to  end.  Let  a  NicoFs 
prism  be  fitted  into  one  end  of  the  magnet,  to  serve  as  polarizs', 
and  another  into  the  other  end  to  serve  as  analyzer,  and  let  oce 
of  them  be  turned  till  the  light  is  extinguished.  Then,  as  long  as 
no  current  is  passed  round  the  electro-magnet,  the  interposition  c^ 
the  heavy-glass  will  produce  no  eflTect ;  but  the  passing  of  a  current, 
while  the  heavy-glass  is  in  its  place  between  the  poles,  produces 
rotation  of  the  plane  of  polarization  in  the  same  direction  as  that  io 
which  the  curi'ent  circulates.  The  amount  of  rotation  is  directly  as 
the  strength  of  current,  and  directly  as  the  length  of  heavy-glass 
traversed  by  the  light  Flint-glass  gives  about  half  the  effect  of 
heavy-glass,  and  all  transparent  solids  and  liquids  exhibit  an  effect 
of  the  same  kind  in  a  more  or  less  marked  degree. 

A  steel  magnet,  if  extremely  powerful,  may  be  used  instead  of  an 
electro-magnet ;  and  in  all  cases,  to  give  the  strongest  effect,  the  Ud^ 
of  magnetic  force  should  coincide  with  the  direction  of  the  trais- 
mitted  ray. 

Faraday  regarded  these  phenomena  as  proving  the  direct  action 
of  magnetism  upon  light;  but  it  is  now  more  commonly  believed 
that  the  direct  effect  of  the  magnetism  is  to  put  the  particles  of  the 
transparent  body  in  a  peculiar  state  of  strain,  to  which  the  observed 
optical  effect  is  due. 

In  every  case  tried  by  Faraday,  the  direction  of  the  rotation  was 
the  same  as  the  direction  in  which  the  cun*ent  circulated;  but 'cer- 
tain substances^  have  since  been  found  which  give  rotation  against 
the  current.  The  law  for  the  relative  amounts  of  rotation  of  differ- 
ent colours  is  approximately  the  same  as  in  the  case  of  quartz. 

The  direction  of  rotation  is  with  watch-hands  as  seen  from  one  eod 
of  the  a]:rangement,  and  against  watch-hands  as  seen  from  the  other; 
so  that  the  same  piece  of  glass,  in  the  same  circumstances,  behaves 
like  right-handed  quartz  to  light  entering  it  at  one  end,  and  like 
left-handed  quartz  to  light  entering  it  at  the  other. 

The  rotatory  power  of  quartz  and  sugar  appears  to  depend  upon  a 
certain  unsymmetrical  arrangement  of  their  molecules,  an  arrange- 
ment somewhat  analogous  to  the  thread  of  a  scxew ;  right-handed 
and  left-handed  screws  representing  the  two  opposite  rotatory 
powers.  It  is  worthy  of  note  that  the  two  kinds  of  quartz  crystallia 
in  different  forms,  each  of  which  is  unsymmetrical,  one  being  like 

^  One  Buoh  substanoe  is  ft  solution  of  Fe^  CI'  ^old  notation)  in  methylic  (not  methyhtooly' 
alcohol. 
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the  image  of  the  other  as  seen  in  a  looking-glass.  Pasteur  has  con- 
ducted extremely  interesting  researches  into  the  relations  existing 
between  substances  which,  while  in  other  respects  identical  or  nearly 
identical,  differ  as  regards  their  power  of  producing  rotation.  For 
the  results  we  must  refer  to  treatises  on  chemistry. 

840.  Circular  Polarization.  Fresners  Bhomb. — We  have  explained 
in  §  834  the  process  by  which  elliptic  polarization  is  brought  about, 
when  plane-polarized  light  is  transmitted  through  a  thin  plate  of 
selenite.  To  obtain  circular  polarization  (which  is  merely  a  case  of 
elliptic),  the  plate  must  be  of  such  thickness  as  to  retard  one  com- 
ponent more  than  the  other  by  a  qtiarier  of  a  wave-length,  and  must 
be  laid  so  that  the  directions  of  the  two  component  vibrations  make 
angles  of  45''  with  the  plane  of  polarization.  Plates  specially  pre- 
pared for  this  purpose  are  in  general  use,  and  are  called  quarter- 
wave  plates.  They  are  usually  of  mica,  which  differs  but  little  in  its 
properties  from  selenite.  It  is  impossible,  however,  in  this  way  to 
obtain  complete  circular  polarization  of  ordinary  white  light,  since 
different  thicknesses  are  required  for  light  of  different  wave-lengths, 
the  thickness  which  is  appropriate  for  violet  being 
too  small  for  red. 

Fresnel  discovered  that  plane-polarized  light  is 
elliptically  polarized  by  total  internal  reflection  in 
glass,  whenever  the  plane  of  polarization  of  the  inci- 
dent; light  is  inclined  to  the  plane  of  incidence.  The 
rectilinear  vibrations  of  the  incident  light  are  in  fact 
resolved  into  two  components,  one  of  them  in,  and 
the  other  perpendicular  to,  the  plane  of  incidence';  and 
one  of  these  is  retarded  with  respect  to  the  other  in 
the  act  of  reflection,  by  an  amount  depending  on  the 
angle  of  incidence.  He  determined  the  magnitude 
of  this  angle  for  which  the  retardation  is  precisely  \ 
of  a  wave-length ;  and  constructed  a  rhomb,  or  ob- 
lique parallelepiped  of  glass  (Fig.  736),  in  which  a 
ray,  entering  normally  at  one  end,  undergoes  two  suc- 
cessive reflections  at  this  angle  (about  55*^,  the  plane  of  reflection 
being  the  same  in  both.  The  total  retardation  of  one  component  on 
the  other  is  thus  ^  of  a  wave-length ;  and  if  the  rhomb  is  in  such  a 
position  that  the  plane  in  which  the  two  reflections  take  place  is  at 
an  angle  of  45''  to  the  plane  of  polarization  of  the  incident  light,  the 
emergent  light  is  circularly-polarized.      The  effect  does  not  vary 


Fig.  786. 
Two  Frwnel's  Rbombi. 
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much  with  the  wave-length,  and  sensibly  white  circularly  polarized 
light  can  accoi'dingly  be  obtained  by  this  method. 

When  circularly-polarized  light  is  transmitted  through  a  Fresnd's 
rhomb,  or  through  a  quarter-wave  plate»  it  becomes  plane-polarized, 
and  we  have  thus  a  simple  mode  of  distinguishing  circularly-polarized 
light  from  common  light ;  for  the  latter  does  not  become  polarized 
when  thus  treated  Two  quarter-wave  plates,  or  two  FresneTs 
rhombs,  may  be  combined  either  so  as  to  assist  or  to  oppose  one  another. 
By  the  former  arrangement,  which  is  represented  in  Fig.  736,  we 
can  convert  plane-polarized  light  into  light  polarized  in  a  perpeodi- 
cular  plane,  the  final  result  being  therefore  the  same  as  if  the  plane 
of  polarization  had  been  rotated  through  90"*.  The  several  steps  of 
the  process  are  illustrated  by  the  five  diagrams  of  Fig.  737,  which 


CD 
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Fig.  787.->Form  of  Yibntlon  in  traTcnlBg  ilM  Rhombi. 

represent  the  vibrations  of  the  five  portions  A  d  C  D,  D  cZ,  (2c  ea  of 
the  ray  which  traverses  the  two  rhombs  in  the  preceding  figon 
The  sides  of  the  square  are  parallel  to  the  directions  of  resolution; 
the  initial  direction  of  vibration  is  one  diagonal  of  the  square,  and 
the  final  direction  is  the  other  diagonal;  a  gain  or  loss  of  half  a  conh 
plete  vibration  on  the  part  of  either  component  being  just  suffident 
to  effect  this  change.  • 

841.  Direction  of  Vibration  of  Plane-polarized  Light. — ^The  plane  of 
polarization  of  plane-polarized  light  may  be  defined  as  the  plane  in 
which  it  is  most  copiously  reflected.  It  is  perpendicular  to  the  plane 
in  which  the  light  refuses  to  be  i*eflected  (at  the  polarizing  angle); 
and  is  identical  with  the  original  plane  of  reflection,  if  the  polariza- 
tion was  produced  by  reflection.  This  definition  is  somewhat  arbi- 
trary, but  has  been  adopted  by  universal  consent. 

When  light  is  polarized  by  the  double  refraction  of  Iceland-spar, 
or  of  any  other  uniaxal  crystal,  it  is  found  that  the  plane  of  polaxiza- 
tion  of  the  ordinary  ray  is  the  plane  which  contains  the  axis  of  the 
crystal  But  the  distinctive  properties  of  the  ordinary  ray  are  most 
naturally  explained  by  supposing  that  its  vibrations  are  perpendi- 
cular to  the  axis.     Hence  we  conclude  that  the  direction  of  vibration 
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in  plane-poIarized  light  ^s  normal  to  the  so-called  plane  of  polariza- 
tion, and  therefore  that,  in  polarization  by  reflection,  the  vibrations 
of  the  reflected  light  are  parallel  to  the  reflecting  surface. 

This  is  FresneFs  doctrine.  MacCuUagh,  however,  reversed  this 
hypothesis,  and  maintained  that  the  direction  of  vibration  is  in  the 
plane  of  polarization.  Both  theories  have  been  amy  expounded; 
but  Stokes  contrived  a  crucial  experiment  in  diflraction,  which  con- 
firmed Fresnel'sview;^  and  in  his  classical  paper  on  "Change  of  Re- 
frangibility,"  he  has  deduced  the  same  conclusion  from  a  considera- 
tion of  the  phenomena  of  the  polarization  of  light  by  reflection  from 
excessively  fine  particles  of  solid  matter  in  suspension  in  a  liquid.^ 

842.  VibrationB  of  Ordinary  Light. — Ordinary  light  agiees  with 
circularly-polarized  light  in  always  yielding  two  beams  of  equal 
intensity  when  subjected  to  double  refi'action;  but  it  differs  from  cir- 
cularly-polarized light  in  not  becoming  plane-polarized  by  transmis- 
sion through  a  Fresnel's  rhomb  or  a  quarter- wave  plate.  What,  then, 
can  be  the  form  of  vibration  for  common  lights  It  is  probably  very 
irregular,  consisting  of  ellipses  of  various  sizes,  positions,  and  forms 
(including  circles  and  straight  lines),  rapidly  succeeding  one  another. 
By  this  irregularity  we  can  account  for  the  fact  that  beams  of  light 
from  diflerent  sources  (even  from  difierent  points  of  the  same  flame, 
or  from  different  parts  of  the  sun's  disc),  cannot,  by  any  treatment 
whatever,  be  made  to  exhibit  the  phenomena  of  mutual  interference ; 
and  for  the  additional  fact  that  the  two  rectangular  components  into 
which  a  beam  of  common  light  is  resolved  by  double  refraction, 
cannot  be  made  to  interfere,  even  if  their  planes  of  polarization  are 
brought  into  coincidence  by  one  of  the  methods  of  rotation  above 
described 

Certain  phenomena  of  interference  show  that  a  few  hundred  con- 
secutive vibrations  of  common  light  may  be  regarded  as  similar;  but 
as  the  number  of  vibrations  in  a  second  is  about  500  millions  of 
millions,  there  is  ample  room  for  excessive  diversity  during  the  time 
that  one  impression  remains  upon  the  retina. 

843.  Polarization  of  Radiant  Heat. — The  fundamental  identity  of 
radiant  heat  and  light  is  confirmed  by  thermal  experiments  on 
polarization.  Such  experiments  were  first  successfully  performed  by 
Forbes  in  1834,  shortly  after  Melloni's  invention  of  the  thermo- 
multiplier.     He  first  proved  the  polarization  of  heat  by  tourmaline; 

^  Cambridge  Transactions.     1850. 

'  Phihsophical  I^ansactions,  1852 ;  pp.  530,  531* 
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next  by  transmission  through  a  bundle  of  very  thin  mica  plates, 
inclined  to  the  transmitted  rays ;  and  afterwards  by  reflection  from 
the  multiplied  surfaces  of  a  pile  of  thin  mica  plates  placed  at  tht 
polarizing  angla  He  next  succeeded  in  showing  that  polarized  heat 
even  when  quite  obscure,  is  subject  to  the  same  modifications  which 
doubly  refracting  crystallized  bodies  impress  upon  light,  by  suffering 
a  beam  of  heat,  after  being  polarized  by  transmission,  to  pass  througb 
an  interposed  plate  of  mica,  serving  the  purpose  of  the  plate  of  selenite 
in  the  experiment  of  §  833,  the  heat  traversing  a  second  mica  bundle 
before  it  was  received  on  the  thermo-pile.  As  the  interposed  plate 
was  turned  round  in  its  own  plane,  the  amount  of  heat  sbown  by  the 
galvanometer  was  found  to  fluctuate  just  as  the  amount  of  light 
received  by  the  eye  under  similar  circumstances  would  have  done. 
He  also  succeeded  in  producing  circular  polarization  of  heat  by  a 
Fresnel's  rhomb  of  rock-salt  These  results  have  since  been  fully 
confirmed  by  the  experiments  of  other  observers. 


PROBLEMS. 


[Words  ineloaad  within  square  brackets  [    ]  have  been  interpolated  by  the  Editor.] 


I.— DYNAMICS  AND  HYDROSTATICS. 

1,  Two  projectiles  are  successively  discharged  vertically  upwards  from 
the  same  point,  with  a  velocity  of  100  metres  per  second.  What  must 
be  the  interval  of  time  between  their  discharges  that  the  second  may 
move  for  8*7  sec.  before  meeting  the  first  ? 

2.  In  an  Atwood's  machine  the  equal  weights  at  the  two  ends  of  the 
thread  are  each  100  grammes.  What  must  be  the  additional  weight  laid 
upon  one  of  them  that  the  space  traversed  in  the  first  two  seconds  of  the 
fall  may  be  4  decimetres  ? 

8.  A  body  is  thrown  horizontally  from  the  top  of  a  tower  100  m.  hififh, 
with  a  velocity  of  30  metres  per  sec.  When  and  where  will  it  strike 
the  ground  ? 

4  Two  bodies  are  successively  dropped  from  the  same  point,  with  an 
interval  of  -^  of  a  second.  When  will  the  distance  between  them  be  1 
metre  ? 

5.  A  stone  is  dropped  into  a  well,  and  after  2  sec.  is  heard  to  strike 
the  bottom.     What  is  the  depth  ? 

6.  Explain  the  well-known  fact  that  a  straight  stick,  loaded  with  lead 
at  one  end,  can  be  more  easily  balanced  vertically  on  the  finger  when 
the  loaded  end  is  upwards  than  when  it  is  downwards. 

7.  Find  the  centre  of  gravity  of  a  sphere  1  decimetre  in  radius,  hav- 
ing in  its  interior  a  spherical  excavation  whose  centre  is  at  a  distance  of 
5  centimetres  from  the  centre  of  the  large  sphere  [and  whose  radius  is 
4  centimetres]. 

8.  Two  small  spheres,  one  of  lead,  weighing  100  grammes,  the  other 
of  ivory,  weighing  25  gr.,  are  connected  together  by  a  thread  0*75  cm. 
long,  and  mounted  on  the  rod  of  the  centrifugal  force  apparatus  [Fig. 
37].     Find  the  position  of  [unstable]  equilibrium. 
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9.  A  round  table  is  supported  on  one  central  leg.  At  what  points  of 
its  circumference  must  weights  of  4,  5  and  6  kilog.  be  placed,  that  the 
resultant  pressure  may  act  at  the  centre  ? 

10.  A  glass  globe  is  full  of  air  at  atmospheric  pressure  (750  mm.)  It 
is  exhausted  till  the  pressure  is  only  x  mm.  Hydrogen  is  then  admittpd 
till  atmospheric  pressure  is  again  established,  and  the  mixture  is  then 
exhausted  till  the  pressure  is  again  reduced  to  x  mm.  Hydrogen  is  then 
a  second  time  admitted  till  atmospheric  pressure  is  established.  If  tk 
weight  of  air  in  the  globe  at  the  conclusion  of  this  operation  is  y^^  d 
the  weight  of  the  hydrogen,  what  is  the  value  of  a;?  The  tempteratore 
is  supposed  constant  throughout  the  operation,  and  the  specific  gravitj 
of  hydrogen  as  compared  with  air  is  0*0692. 

11.  A  piece  of  iron,  when  plunged  in  a  vessel  fuU  of  water,  makes 
10  grammes  run  over.  When  placed  in  a  vessel  full  of  mercury,  it  floats, 
displacing  78  grammes  of  mercury.  Required  the  weight,  volume,  and 
specific  gravity  of  the  iron. 

12.  A  cylinder  of  steel,  22  cm.  long,  is  to  be  counterpoised  by  a  cylin- 
der of  platinum  of  the  same  diameter.  What  must  be  the  length  of  the 
platinum  cylinder  ?  (sp.  gr.  of  steel  7*5,  of  platinum  22"5.) 

13.  Two  liquids  are  mixed.  The  total  volume  is  3  litres,  with  a  sp.  gr. 
of  0*9.  The  sp.  gr.  of  the  firet  liquid  is  1-3,  of  the  second  0"7.  Vud 
their  volumes, 

14.  A  curved  tube  has  two  vertical  legs,  one  having  a  section  of  1  sq. 
cm.,  the  other  of  10  sq.  cm.  Water  is  poured  in,  and  stands  at  the  same 
height  in  both  legs.  A  piston,  weighing  5  kilogrammes,  is  then  allowed 
to  descend,  and  press  with  its  own  weight  upon  the  surface  of  the  liquid 
in  the  larger  leg.  Find  the  elevation  thus  produced  in  the  surface  ol 
the  liquid  in  the  smaller  leg. 

15.  A  frustum  of  a  cone  of  cork,  the  radii  of  its  ends  being  2  and 
1  decim.  respectively,  and  its  height  1  decim.,  floats  freely  in  water,  with 
its  axis  vertical.  Find  how  much  of  its  axis  is  immersed,  the  sp.  gr.  of 
cork  being  0*24. 

16.  What  volume  of  platinum  must  be  attached  to  a  litre  of  iron,  that 
the  system  may  float  freely  at  all  depths  in  mercury  ? 

17.  What  must  be  the  thickness  of  a  hollow  sphere  of  platinum  with 
an  external  radius  of  1  decim.,  that  it  may  barely  float  in  water? 

18.  A  sphere  of  cork,  3  cm.  in  radius,  is  weighted  with  a  sphere  of 
gold.  What  must  be  the  radius  of  the  latter  that  the  system  may  bare)? 
float  in  alcohol  ? 

19.  An  alloy  of  gold  and  silver  has  density  D.     The  density  of  gold  a 
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dy  that  of  silver  d\  Find  the  proportions  by  weight  of  the  two  metals 
in  the  alloy,  supposing  that  neither  expansion  nor  contraction  occurs  in 
its  formation. 

20.  Given  the  weight  of  a  body  in  air,  and  in  water  at  maximum  den- 
sity ;  deduce  its  weight  in  vacuo. 

21.  A  vertical  cylinder,  1  decim.  in  diameter  and  3  decim.  high,  com- 
municates at  its  lower  part  with  a  tube  1  centim.  in  diameter,  which  is 
bent  up  and  continued  vertically  to  a  sufficient  height,  its  upper  end 
being  left  open.  The  cylinder  is  half  full  of  mercury,  its  upper  half  being 
occupied  by  air  at  atmospheric  pressure.  What  additional  weight  of  air 
must  be  forced  in  to  produce  a  fall  of  10  cm.  in  the  level  of  the  mercury 
in  the  cylinder  ? 

22.  An  open  manometer,  formed  of  a  bent  tube  of  iron  whose  two 
branches  are  parallel  and  vertical,  and  of  a  glass  tube  of  larger  size, 
contains  mercury  at  the  same  level  in  both  branches,  this  level  being 
higher  than  the  junction  of  the  iron  with  the  glass  tube.  What  must 
be  the  ratio  of  the  sections  of  the  two  tubes,  that  the  mercury  may 
ascend  half  a  metre  in  the  glass  tube  when  a  pressure  of  6  atmospheres 
is  exerted  in  the  opposite  branch  ? 

23.  A  receiver  A,  with  a  capacity  of  3  litres,  can  be  put  in  communi- 
cation either  with  a  forcing  pump  P,  or  with  the  external  air.  The 
former  communication  is  established  by  a  valve  R,  and  the  latter  by  a 
cock  R'.  The  receiver  A  is  initially  filled  with  air  at  0°  C.  and  760  mm. 
The  pump  P  is  supplied  froni  a  gasometer  containing  carbonic  acid,  at 
the  constant  pressure  760  mm.  and  temperature  0°  C,  and  when  R  is 
open  the  capacity  of  the  pump-barrel  is  2  litres. 

R'  is  closed.  One  stroke  of  the  pump  is  taken,  and  when  time  has 
been  allowed  for  the  gases  to  become  thoroughly  mixed,  R'  is  opened 
for  an  instant,  so  that  equilibrium  of  pressure  is  established  between  A 
and  the  external  air.  R'  is  then  closed,  a  second  stroke  is  taken,  and  so 
on,  the  cock  R'  being  opened  for  an  instant  after  each  stroke.  How 
many  strokes  must  be  taken,  that  not  more  than  a  centigramme  of  air 
may  be  left  in  the  receiver  ?  The  external  pressure  is  supposed  to  re- 
main constant  at  760  mm. 

24.  There  is  a  glass  tube  a  metre  long,  with  an  internal  section  of 
1  square  centimetre,  the  external  section  being  2  sq.  cm.,  and  conse- 
quently the  section  of  the  glass  itself  1  sq.  cm. 

This  tube,  being  supposed  closed  at  one  end  by  a  flat  stopper  without 
thickness  and  without  weight,  is  filled  with  mercury  and  inverted  in  a 
deep  vessel  of  the  same  liquid  ;  10  cubic  centimetres  of  air  at  the 
external  pressure  and  temperature  are  then  introduced,  and  the  tube  is 
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left  to  itself  in  a  vertical  position.  Required  the  volume  of  the  air  in 
the  tube  when  equilibrium  is  attained  ;  and  the  difference  between  the 
internal  and  external  level  of  the  mercury.  Specific  gravity  of  ^ass, 
2'49  ;  external  pressure,  760  mm. 

25.  Given  that  the  sp.  gr.  of  the  solution,  containing  85  parts  of  water 
and  15  of  salt,  which  is  employed  for  graduating  Baum^^s  hydrometer 

for  acids,  is  1'116,  establish  the  formula  D  =  =^  -y,  which  gives  thesp. 
gr.  in  terms  of  the  degree  read  off  at  the  surface  of  the  liquid. 

26.  In  the  graduation  of  Baum^^s  hydrometer  for  spirits,  a  aolutkn 
containing  90  parts  of  water  and  10  of  salt  is  employed,  its  sp.  gr.  bemg 
1'084.     Deduce  the  formula 

129 


D  = 


119  +  N 

27.  Find,  to  the  nearest  millimetre,  the  edge  of  a  regular  tetrahedrra 
of  coinage  gold,  of  the  value  of  1000  francs,  the  sp.  gr.  of  this  gold 
being  18  [and  the  value  of  1  gramme  of  it  being  3*1  francs]. 

28.  The  pressure  indicated  by  a  siphon  barometer  is  750  mm.,  and 
when  mercury  is  poured  into  the  open  branch  till  the  barometric  cham- 
ber is  reduced  to  half  its  former  volume,  the  pressure  indicated  is  74v 
mm.     Deduce  the  true  pressure. 

29.  A  cylindrical  test-tube,  1  decim.  long,  is  plunged,  mouth  down- 
wards, into  mercury.  How  deep  must  it  be  plunged  that  the  volume  of 
the  inclosed  air  may  be  diminished  by  one-half  ? 

30.  In  an  air-pump,  whose  receiver  has  a  capacity  of  1  litre,  it  is  fonod 
that  three  strokes  reduce  the  pressure  from  0'760  m.  to  0-315  m.  TTie 
experiment  is  repeated  after  a  body  has  been  introduced  into  the  receirer, 
and  it  is  found  that  the  same  number  of  strokes  reduce  the  pressure  from 
0'760  m.  to  0'200  m.     Deduce  the  volume  of  the  body. 

31.  A  cylindrical  test-tube,  1  decim.  in  height  and  2  centim.  in  diame- 
ter, floats  upright  in  water,  its  mouth  being  downwards,  and  its  t<^ 
being  just  level  with  the  surface  of  the  water.  To  what  height  does 
the  liquid  rise  in  its  interior? 

32.  A  test-tube  floats  upright  in  water,  with  its  mouth  downwards. 
To  make  its  top  come  down  to  the  surface  of  the  water,  it  is  foond 
necessary  to  load  it  with  a  weight,  which,  added  to  its  own  weight,  giTCs 
a  total  weight  P.  The  experiment  is  repeated  with  the  open  end  upwaids, 
and  the  weight  which  is  then  necessary  to  bring  its  top  down  to  the  leTcl 
of  the  water,  including  the  weight  of  the  tube  itself,  is  Q.  Deduce  the 
atmospheric  pressure. 

33.  A  cylinder  of  wood,  1  decim.  long,  and  with  a  sp.  gr.  0*96,  floats 
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upright  in  water.  The  vessel  is  placed  in  a  receiver  in  which  the  air  can 
be  compressed  to  40  atmospheres.  Find  the  change  produced  by  this 
pressure  in  the  position  of  the  cylinder. 

U.— HEAT. 

34.  A  truly  conical  vessel  contains  a  certain  quantity  of  mercury  at 
0°  C.  To  what  temperature  must  the  vessel  and  its  contents  be  raised 
that  the  depth  of  the  liquid  may  be  increased  by  j^  of  itself  ? 

35.  What  temperature  is  denoted  by  the  same  number  in  the  Centi- 
grade as  in  the  Fahrenheit  scale  ?  Is  there  more  than  one  temperature 
which  fulfils  this  condition  ? 

36.  A  Graham's  compensating  pendulum  is  formed  of  an  iron  rod, 
whose  length  at  0°  C.  is  Ij  carrying  a  cylindrical  vessel  of  glass,  which  at 
the  same  temperature  has  an  internal  radius  r,  and  height  h.  Find  the 
depth  X  of  mercury  at  0°  C.  which  is  necessary  for  compensation,  sup- 
posing that  the  compensation  consists  in  keeping  the  centre  of  gravity 
of  the  mercury  at  a  constant  distance  from  the  axis  of  suspension. 

37.  A  brass  tube  contains  mercury,  with  a  piece  of  platinum  immersed 
in  it ;  and  the  level  of  the  liquid  is  marked  by  a  scratch  on  the  inside  of 
the  tube.  On  applying  heat,  it  is  found  that  the  liquid  still  stands  at 
this  mark.  Deduce  the  ratio  of  the  weight  of  the  platinum  to  that  of 
the  mercury. 

38.  A  glass  tube,  closed  at  one  end  and  drawn  out  at  the  other,  is 
filled  with  dry  air,  and  raised  to  a  temperature  x  at  atmospheric  pressure. 
It  is  then  hermetically  sealed.  When  it  has  been  cooled  to  the  temper- 
ature 100**  C,  it  is  inverted  over  mercury,  and  its  pointed  end  is  broken 
off  beneath  the  surface  of  the  liquid.  The  mercury  rises  to  the  height 
of  19  centimetres  in  the  tube,  the  external  pressure  remaining  at  76  cm. 
as  at  the  commencement  of  the  experiment.  The  tube  is  re-inverted, 
and  weighed  with  the  mercury  which  it  contains.  The  weight  of  this 
mercury  is  found  to  be  200  grammes  ;  when  completely  full  it  contains 
300  grammes  of  mercury.     Deduce  the  temperature  x, 

39.  A  glass  tube,  whose  interior  is  a  right  circular  cylinder,  2  milli- 
metres in  diameter  at  0°  C,  contains  a  column  of  mercury,  whose  length 
at  this  temperature  is  2  decim.  What  will  be  the  length  of  this  column 
of  mercury  when  the  temperature  is  80**  C,  the  co-efficient  of  expan- 
sion of  mercury  being  gg^g^,  and  the  co-efficient  of  cubical  expansion  of 
glass  j^^? 

40.  A  closed  ^obe,  whose  external  volume  at  0®  C.  is  10  litres,  is  im- 
mersed in  air  at  15^  C.  and  at  a  pressure  of  0*77  nu    Required  (1)  the 
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loss  of  weight  which  it  experiences  from  the  action  of  the  air  ;  (2)  the 
change  which  this  loss  would  undergo  if  the  pressure  became  0*768  m. 
and  the  temperature  17°  C. 

41.  Some  dry  air  is  inclosed  in  a  horizontal  thermometric  tube,  br 
means  of  an  index  of  mercury.  At  0°  C.  and  0*760  m.  the  air  oocupies- 
720  divisions  of  the  tube,  the  tube  being  divided  into  parts  of  eqi&I 
capacity.  At  an  unknown  temperature  and  pressure,  the  same  air  oces- 
pies  960  divisions.  The  tube  being  immersed  in  melting  ice,  and  tbe 
latter  pressure  being  still  maintained,  the  air  occupies  750  divisionsL 
Required  the  temperature  and  pressure. 

42.  At  what  temperature  will  the  density  of  oxygen  at  the  pr^snie 
0*20  m.,  be  the  same  as  that  of  hydrogen  at  0°  C.  at  the  pressure  1*60  m.  ? 

43.  What  is  the  interior  volume  at  0°  C.  of  a  glass  bulb  which  at  23^ 
C.  is  exactly  filled  by  53  grammes  of  mercury  ? 

44.  A  barometer  at  one  time  reads  770  mm.,  with  a  temperature  85^ 
C,  and  at  another  time  760  mm.,  with  a  temperature  5^  C.  find  tk 
ratio  of  the  true  barometric  heights. 

45.  The  specific  gravity  of  copper  at  0°  C.  is  8*8  ;  its  co-efficient  of 
linear  expansion  is  j^^thf*  What  will  be  the  length  at  30°  of  a  rofl  of 
copper  wire  weighing  15  kilogrammes,  the  section  of  the  wire  at  10 ~  C. 
being  4  square  millimetres  ? 

46.  The  normal  density  of  air  being  0*000154  of  that  of  brass,  whit 
change  is  produced  in  the  apparent  weight  of  a  kilogramme  of  brass 
when  the  pressure  and  temperature  of  the  air  change  from  713  mnL  and 
-19°  C.  to  781  mm.  and  +36°  C.  ? 

47.  A  cylindrical  tube  of  glass  is  divided  into  300  equal  parts.  It  is 
loaded  with  mercury,  and  sinks  to  the  50th  division  in  water  at  10°  C. 
To  what  division  will  it  sink  in  water  at  50°  C.  ?  The  volumes  of  a  given 
mass  of  water  at  10°  and  50°  are  as  1*000268  and  1*01205. 

48.  Find  the  co-efficient  of  expansion  of  air,  when  zero  Fahrenheit  is 
the  starting  point,  and  the  degree  Fahrenheit  the  unit  interval 

49.  What  must  be  the  pressure  of  air  at  15°  C,  that  its  density  may 
be  the  same  as  that  of  hydrogen  at  0°  C.  and  760  mm.  ?  Density  of 
hydrogen  0*0692. 

50.  At  what  temperature  does  a  litre  of  dry  air  at  760  mm.  weigh  1 
gramme  ? 

51.  In  a  cubic  metre  of  air  at  20°  C,  11*56  grammes  of  vapour  are 
found.     What  is  the  relative  humidity  of  this  air  ? 

52.  Calculate  the  weight  of  15  litres  of  air  saturated  with  aqaeons 
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vapour,  at  20°  C.  and  750  mm.     The  maximum  tension  of  vapour  at  20° 
is  17*39  mm. 

53.  There  ijs  a  bent  tube,  terminating  at  one  end  in  a  large  bulb,  and 
simply  closed  at  the  other.     A  column  of  mercury  stands  at  the  same 

.  height  in  the  two  branches,  and  thus  separates  two  quantities  of  air  at 
the  same  pressure.  The  air  in  the  bulb  is  saturated  with  moisture  ;  that 
in  the  opposite  branch  is  perfectly  dry.  The  length  of  the  column  of 
dry  air  is  known,  and  also  its  initial  pressure,  the  temperature  of  the 
whole  being  0°  C.  Calculate  the  displacement  of  the  mercurial  column 
when  the  temperature  of  the  apparatus  is  raised  to  100°  C.  The  bulb  is 
supposed  to  have  enough  water  in  it  to  keep  the  air  constantly  saturated; 
and  is  also  supposed  to  be  so  large  that  the  volume  of  the  moist  air  is 
not  sensibly  affected  by  the  displacement  of  the  mercurial  column. 

54.  A  litre  of  alcohol,  measured  at  0°  C,  is  contained  in  a  brass  vessel 
weighing  100  grammes,  and  [after  being  raised  to  58°  C]  is  immersed  in 
a  kilogramme  of  water  at  10°  C,  contained  in  a  brass  vessel  weighing  200 
grammes.  The  temperature  of  the  water  is  thereby  raised  to  27°.  What 
is  the  specific  heat  of  alcohol  ?  The  specific  gravity  of  alcohol  is  0*8  ; 
the  specific  heat  of  brass  is  O'l. 

55.  A  copper  vessel,  weighing  1  kilogramme,  contains  2  kilogr.  of 
water.  A  thermometer,  composed  of  100  grammes  of  glass  and  200  gr. 
of  mercury,  is  completely  immersed  in  this  water.  All  these  bodies  are 
at  the  same  temperature,  0°  C.  If  100  grammes  of  steam  at  100°  C.  are 
passed  into  the  vessel,  and  condensed  in  it,  what  will  be  the  temperature 
of  the  whole  apparatus  when  equilibrium  has  been  attained,  supposing 
that  there  is  no  loss  of  heat  externally.  The  specific  heat  of  mercury  is 
0-033  ;  of  copper,  0095  ;  of  glass,  0-177. 


ra.— ACOUSTICS  AND  OPTICa 

56.  The  specific  gravity  of  platinum  being  taken  as  22,  and  that  of 
iron  as  7*8,  what  must  be  the  ratio  of  the  lengths  of  two  wires,  one  of 
platinum  and  the  other  of  iron,  both  of  the  same  section,  that  they  may 
vibrate  in  unison  when  stretched  with  equal  forces  ? 

57.  Two  strings  of  the  same  length  and  section  are  formed  of  materials 
whose  specific  gravities  are  respectively  d  and  d'.  £^ch  of  these  strings 
is  stretched  with  a  weight  equal  to  [1000  times]  its  own  weight.  What 
is  the  musical  interval  between  the  notes  which  they  will  yield  ? 

58.  A  pipe  gives  a  note  of  100  vibrations  per  second  at  the  tempera- 
ture 10^  C.     What  must  be  the  temperature  of  the  air  that  the  same 

pipe  may  yield  a  note  higher  by  a  major  fifth  ? 

6« 
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59.  What  is  the  least  height  that  a  phine  mirror  can  have,  that  the 
whole  of  a  given  vertical  object  may  be  seen  reflected  in  it  at  one 
view? 

60.  The  flame  of  a  candle  is  placed  on  the  axis  of  a  concave  sphencai 
mirror  at  the  distance  of  1*54  m.,  and  its  image  is  formed  at  the  distance 
of  0*45  m.     What  is  the  radius  of  curvature  of  the  mirror  ? 

61.  On  the  axis  of  a  concave  spherical  mirror  of  1  m.  radius,  an  object 
9  cm.  high  is  placed  at  a  distance  of  2  m.  Find  the  size  and  poaition  of 
the  image. 

62.  What  is  the  size  of  the  circular  image  of  the  sun  which  is  fonned 
at  the  principal  focus  of  a  mirror  of  20  m.  radius  ?  The  apparent  diam- 
eter of  the  sun  is  30'. 

63.  In  front  of  a  concave  spherical  mirror  of  2  metres^  radius  is  placed 
a  concave  luminous  arrow,  1  decimetre  long,  perpendicular  to  the  princi- 
pal axis,  and  at  the  distance  of  5  metres  from  the  mirror.  What  are  the 
position  and  size  of  the  image  ?  A  small  plane  reflector  is  then  placed 
at  the  principal  focus  of  the  spherical  mirror,  at  an  inclination  of  45°  to 
the  principal  axis,  its  polished  side  being  next  the  mirror.  What  will  be 
the  new  position  of  the  image  ? 

64.  A  pencil  of  parallel  rays  fall  upon  a  sphere  of  glass  of  1  metre 
radius.  Find  the  principal  focus  of  rays  near  the  axis,  the  index  of 
refraction  of  glass  being  1*5. 

65.  What  is  the  focal  length  of  a  double-convex  lens  of  diamond,  the 
radius  of  curvature  of  each  of  its  faces  being  4  millimetres  ?  Index  of 
refraction  2*487. 

66.  An  object  8  centimetres  high  is  placed  at  1  metre  distance  on  the 
axis  of  an  equi-convex  lens  of  ordinary  crown-glass,  the  radius  of  curvi- 
ture  of  its  faces  being  0*4  m.     Find  the  size  and  position  of  the  image. 

67.  What  is  the  ratio  of  the  magnifying  power  of  a  diamond  lens  to 
that  of  a  glass  lens  of  the  same  focal  length  [supposed  small]  ?  Index 
for  glass,  1*5  ;  for  diamond,  2*481. 

68.  A  Gregorian  telescope  is  constructed  in  the  following  manner  :— 
The  rays  after  reflection  from  the  objective  speculum  form  a  real  imige 
at  the  principal  focus.  Continuing  their  course,  they  meet  a  small  con- 
cave mirror,  which  reflects  them  so  that  they  form  a  second  image,  in- 
verted with  respect  to  the  first,  and  consequently  erect  with  respect  to 
the  object.  This  second  image  is  viewed  through  an  eye-piece,  whoee 
tube  passes  through  a  hole  in  the  objective.  Investigate  a  formula  ia 
the  magnifying  power  of  the  telescope. 

69.  Two  converging  lenses,  with  a  common  focal  length  of  0*05  ol,  are 
at  a  distance  of  0*03  m.  apart,  and  their  axes  coincide.    What  image 
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will  this  system  give  of  a  circle  O'Ol  m.  in  diameter,  placed  successively 
at  different  distances  on  the  prolongation  of  the  common  axis  ? 

70.  A  convex  lens  of  vocal  length  f^  is  cemented  to  a  concave  lens  of 
focal  length^'.     What  is  the  focal  length  of  the  system  ? 

71.  The  stem  of  a  siren  carries  a  plane  mirror,  thin,  polished  on  both 
sides,  and  parallel  to  the  axis  of  the  stem.  The  siren  gives  a  note  of  345 
vibrations  per  second.  The  revolving  plate  has  15  holes.  A  fixed  source 
of  light  sends  to  the  mirror  a  horizontal  pencil  of  parallel  rays.  What 
space .  is  traversed  in  a  minute  by  a  point  of  the  reflected  pencil  at  a 
distance  of  4  metres  from  the  axis  of  the  siren  ?  This  axis  is  supposed 
vertical. 

72.  A  lamp  and  a  taper  are  at  a  distance  of  4*15  m.  from  each  other ; 
and  it  is  known  that  their  illuminating  powers  are  as  6  to  1.  At  what 
distance  from  the  lamp,  in  the  straight  line  joining  the  flames,  must  a 
screen  be  placed  that  it  may  be  equally  illuminated  by  them  both  ? 

73.  A  ray  of  light  falls  perpendicularly  on  the  surface  of  an  equilateral 
prism  of  glass  with  a  refracting  angle  of  60^.  What  will  be  the  devia- 
tion produced  by  the  prism  ?     Index  of  refraction  of  glass  1*5. 

74.  What  is  the  length  of  the  cone  of  the  umbra  thrown  by  the  earth  ? 
and  what  is  the  diameter  of  a  cross  section  of  it  made  at  a  distance  equal 
to  that  of  the  moon? 

The  radius  of  the  sun  is  112  radii  of  the  earth  ;  the  distance  of  the 
moon  from  the  earth  is  60  radii  of  the  earth  ;  and  the  distance  of  the 
sun  from  the  earth  is  24,000  radii  of  the  earth.  Atmospheric  refraction 
is  to  be  neglected. 

75.  A  sphere  of  glass  lying  upon  a  horizontal  plane  receives  the  sun's 
rays.  What  must  be  the  heij^ht  of  the  sun  above  the  horizon  that  the 
principal  focus  of  the  sphere  may  be  in  this  horizontal  plane  ? 

a% 


INDEX. 


879. 

—  chromatic,  9M. 
->  spherical,  894. 

AbBolQte  temperature  and  abso- 
late  sero  hj  air  thermometer, 
298 

by  thermo-dynamlo    Male, 

457. 

-^  unit  of  Ibree.  64,  780. 

of  work,  4M,  7S0. 

>-  units,  784. 

Absorption  and  emission  of  radi- 
ant heat,  894. 

—  of  gases,  182. 
Acceleration  defined,  98. 

—  uniform,  S8. 
Accidental  imaM  1009. 
Accumulation  by  mutual  action, 

778. 
Achromatism.  995. 
Acoustic  pendulum,  812. 
Actinometer,  462. 
Adiabatic  changes  of  yohime  and 

pressure,  486. 
Aether,  luminiferous,  865, 1048. 
Air,  cooling  of,  by  ascent,  498. 
-.  density  of  dry,  140-142, 296. 
of  moist,  875. 

—  temperature  of,  498-498. 

—  vibration  o^  783. 
Air-chamber.  221. 
Air-engine,  467. 
Afa*-film,  adherent  188. 
Air-pump,  184-202. 

-^  Bablners,  199. 
~  Blanchrs,  189. 

—  DeleuiTs,  200. 
~  Oelsftler*s,  195. 

—  KravogPs,  194. 

—  Sprengers,  197. 

—  condensing,  202. 

—  limits  of  action  ot  192. 
Alarum,  telegraphic,  721. 
Alcohol  at  low  temperatures,  888. 
— >  thermometers,  254. 
Alphabet,  telegraphic,  724. 
Alternate  contact  680- 

discharge  bv,  578. 

Alum,  its  small  disthermancy,  406, 
410. 

Amalgam  for  rubbers,  566. 

Amalgamated  zinc,  651. 

Amp^re^s  electro-dynamic  for- 
mula, 688. 

—  rule  for  deflection,  657. 


Amptee^s  stand,  680. 

—  tneory  of  magnetism,  694. 
Amplitude  of  yibrationJ»7, 70, 786. 
Analyier,  1062. 
Anamorphosis,  906. 
Andrews's    calorimetric    experi- 
ments, 448. 

—  on  continuity  of  Hquid  and 

gaseous  states,  826. 
Anemometers,  508. 
Aneroid  barometer,  157. 
Animal  heat  and  work,  461. 
Annual  variations  defined,  165. 
Anode,  789. 
Apertures,  small  images  produced 

by,86& 
Apjohn*s  formula,  878. 
Arago^s  rotations,  775. 
Arc,  voltaic,  708. 
Archimedes^  principle,  104. 
Aristotle^s  experiment  on  weight 

of  ah:,  140. 
Arm  of  couple,  16. 
Armstrong's  hydro-electrio  ma' 

chine,  689. 
Arrangement  of  cells  in  battery, 

671. 
Artificial  horizon,  884 
Ascent,  cooling  of  ahr  by,  498. 
->  in  oapHlanr  tubes,  12d. 
Aaplrator,  8TO. 
Aatatio  circuits,  698. 

—  galvanometer,  662. 

—  needle,  661. 
Astronomical  telescope,  968. 
Atlantic  cable,  788. 

velocity  throa«:h,  686. 

Atmosphere,  distribution  of,  over 

the  earth.  501. 
--  pressure  ot,  142-144. 
AtmoSjpheric  circulation,  general, 

—  electricity,  S99-611. 

modes  of  observing,  608-606. 

results  of  observation,  607. 

—  reft'action,  1018. 

Atomic  weight  inversely  as  spe- 
cific beat,  485. 

Atoms,  24. 

Attraction,  apparent  due  to  eapil- 
brity,  186. 

—  electrical,  laws  of.  680-528. 

—  magnetic,  laws  o^  619. 
Attwood^s  machine,  42. 
August's  psychometer,  870. 

i  Anrora  borralla,  684. 


Aunim  mnstvnm,  586. 
Austral  pole,  616. 
Autographic  telegraph,  780. 
Automatic  system,  wheatstone's, 

780. 
Axes,  optic,  in  crystals,  1048. 
Axis,  mimetic,  080. 
>-  of  Iceland  spar,  927. 
Azimuth,  614. 

BABBAOE  &  Herschers  rota- 
tions, 776. 
Babbefs  doable  exhaustion,  199. 
Bain^s  electro-chemical  telegraph, 

780. 
Balance,  80-86. 

—  spring,  80. 

—  torsion.  519.  624. 
Barker's  mill.  102. 
Barograph,  Ring's.  160. 

—  photonaphic,  161. 

—  Becchrs,  160. 
Barometer.  140-169. 

—  Adle's.  156. 
^  aneroid,  157. 

—  connterpolsed,  169. 

—  Forttn^  147. 

—  marine,  156. 

—  siphon,  154. 

—  wneel,  165. 
Barometric  corrections,  160. 

—  measurement  of  heights.  162. 

—  prediction  of  weather,  167-169. 
^  variations,  165-169. 

—  variation  with  latitude,  601. 
Baroscope,  208. 

Battery,  galvanic.  644. 

Bunsen^s,  660. 

Cruickshank's,  650. 

Panieirs.  649. 

—  —  Grove's,  661. 

Hare  s,  648. 

telegraphic,  716. 

Wolkston's.  647. 

Battery  of  Leyden  jars,  6S0. 

—  discharge  of,  6b8. 
Beats,  818,  860. 
Beaum6's  hydrometers,  118. 
Becquerers  phosphorosoope,  979. 
Beltows  of  ovgaa  888. 

Bells,  vibration  of.  786,  886. 
Bemoullfs  laws,  889. 
Bertsch's  electrical  machine,  645. 
Biaxal  crystala.  1042. 
Bifllar  magnetometer,  680. 
Binocular  vision,  948. 
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Blot*8   hypothesis  of  terrestrial 

main^tisni,  682. 
Bbdibum's  pendalam,  802, 106S. 
Blftdder,  borst,  191. 
Block  pipe,  887. 

Boiler  of  stesm-eoglne,  488-486. 
BoUlng,  884. 

—  by  DoniplDg,  844. 

—  explosive,  842. 

—  promoted  by  presence  of  air, 

811. 

BoiHngr  points,  affected  by  pres- 
sure, 88<L 

heights  determined  by,  888. 

of  nolntions,  840. 

table  oi;  886. 

Boreal  pole,  616. 

Bottle,  tnexhsnstibie,  888. 

~  Marlotte's,  889. 

Bourbouxe's  apparatus  fbr  lUHng 
bodies,  46. 

—  electro-magnetic  engine,  711. 
Bourdon's  gauge,  181. 
Bontigny^s  exMrlments,  840. 
Boyle^s  law,  l'ia-188. 
Bramah  press,  824. 

Breezes,  land  and  sea,  499. 
Breguet's  telegraph,  718. 

—  thermometer,  861. 
Bridge,  Wheatstono's,  674. 
Brightness.  960-970. 

—  intrinsic  and  effective,  966. 

—  of  spectra,  998. 

Bright  spot  behind  eyepiece,  960. 

British  Association  unit  of  resist- 
ance, 760. 

BrocoVs  pendulum.  278. 

Broken  magnet,  618. 

Brush,  elecUie,  048- 

Bubbles,  filled  with  hydrogen, 
209. 

—  pressure  in,  182. 
Bucket,  electric  008. 

Bunsen  Ai  Kirchhoff's  researches, 

441. 
Bnnsen's  oelU  600. 
Buoyancy,  centre  of.  105. 
Burning  mirrors,  892. 
Bursting  of  boilers,  488. 
Buys     BaI]ot*s     experiment    on 

sound.  827. 
law,  169. 

CAGE  electrometer.  607. 
Ckgniard  de  Latour's  experi- 
ments on  vaporization,  825. 

siren,  822. 

Oaissons.  206. 
CalibraUon,  245. 

—  of  theraio-multiplier,  604. 
Oaloreflcence,  410. 

Caloric  theory.  445. 
Calorimeter,  480. 
Calorimetn'.  426-444. 
Camera  lucida,  916. 

—  obflcura,  941. 

—  photographic,  948. 
Camphor.  moT<*ments  ol^  187. 
Canton's  phosphorus,  979. 
Capacity,  electric  666. 

—  of  condenser,  668. 

—  specific  Inductive.  576. 
Capiidty,  thermal  427. 
Capillarity,  127-188. 

Carbonic   acid,   solidification    of, 

838. 
Carbon  melted.  708. 

—  points,  imoffe  of,  704. 
Camot's  principles,  454. 


Oatr6*B  two  freedng  apparatus, 
889.888. 

Cartesian  diver,  103. 

Cascade,  charge  by,  682  (2d  edi- 
tion). 

Cfessellf  s  telegraph,  780. 

Csssegranian  telescope,  966. 

Gathetomcter,  140. 

Cathode,  789. 

Caustics,  901,  919, 1017. 

Cavendtsh  cxi>^riment,  67. 

Cells  anangement  of,  for  maxi- 
mum current,  671. 

Centesimal  alcoholimeter,  119. 

Centigrade  scale,  250. 

Centre  of  buoyancy,  106. 

—  of  gxavity.  88-89. 

—  of  inertia.  72. 

—  of  lens,  981. 

—  of  mass,  72. 

—  of  mirror,  894. 
.-  of  oscillation,  60. 

—  of  parallel  frnties,  17. 

—  of  nercussion,  76l 
Centrinigal  force,  62. 

—  pump,  222  (8d  edition). 

—  theoiy  of  atmospheric  drcula- 

tlon,  fiOl. 
Character  of  a  musical  note,  817, 

858. 
Charge  by  cascade,682  (2d  edition). 

—  residual,  672. 

Charts  of  magnetic  lines,  681. 

—  of  weather,  168. 

Chemical  action  necessary  to  cur- 
rent ^2. 

—  combination,  44S,  402, 485. 

—  harmonica,  789. 

—  hygrometer,  878. 
Cherra  Poqjee.  rainfUl  at,  880. 
Chimes,  electric  600. 
Cliimneys,  draught  of;  898. 
Chromatic  aberration,  792. 
Chromosphere,  980. 

Ch^ular  polarization,  1089, 1047. 

Clarke's  machine,  767. 

Cleorancc  ««s  Untrarersed  Space, 
198. 

Climates,  insular  and  continental, 
495. 

Clink  accompanying  magnetiza- 
tion. 638. 

Clocks,  electrically  ccmtrolled,  786. 

Clothing,  warmth  oi;  428. 

Clouds,  877-380. 

CoaL  origin  of.  402. 

Coatings,  jar  with  movable  578. 

Coefficient  of  expansion,  264. 

Coercive  force,  617. 

ColL  RuhmkorfT's  induction,  761. 

Cold  of  evai)oration,  828. 

Colladon's  experiment  at  Lake  of 
Geneva,  808,  867. 

ColHmation,  line  o^  971. 

Collimator  of  spectroscope,  983, 
985. 

Collotds.  189. 

Colour,  1000, 1011. 

—  and  music  1010. 
->  blindness.  1010.      " 

—  by  poUirized  light,  1087-1045. 

—  cone.  1007. 

—  equations,  lOOi. 

—  mixture  of,  1008-1008. 

—  of  thin  films,  1060. 
Combination,  heat  of,  442,  462. 
Combustion,  heat  of;  448. 
tabic  444. 

CoDoma,  831. 


Commutator.  768. 
Compass,  ship^s.  684. 
Compensatecl  pendulums,  8TL, 
Compiementaiy  colomra,  1008. 
Compound  englnea,  477. 

—  magnet,  621,  687. 
Compressed-air  engines,  207. 
Compressibility,  85. 

—  or  water,  2o. 
Concave  miiron,  S98-904. 
Concord.  869. 
Condensation.  822. 
Condenser  of  steam-engine,  474. 
Condensers,  electric  5^- 
capacity  oi;  508. 

discharge  oi;  009. 

Condensing  dectroscope,  5T9. 

—  power,  674. 

—  pump,  902. 
Conduction  of  beat,  4l4r-l2Sk 

in  gases,  428-42&. 

In  Oouids,  421-438. 

Conductivity,  comparison  of  tber- 

mal  and  electrical,  070. 

—  defined,  415. 

—  determinations  of  absolnte,  420. 

421. 

—  electrical,  M4  Besistanoe. 

—  Uble  ot,  420. 

Ck)nduetors,  electrical,  Ust  ot,  507. 

—  Ilghtnliur,  601-008. 
0>ne  of  colour,  1007. 
Congelation.  800. 
Conjngate  foci.  894.  988. 

—  mirrors,  898,  807. 
Consequent  points,  686. 
Conservstion  of  energy,  79. 

motion  of  centre  of  mass,  74. 

Constitution  of  compound  vibra- 
tions, 854. 

Contact-electricity,  note   on,  7:4 

(M  edition). 
Contiguous  partides,  iuductioo  bv, 

516,  578. 
Continental  dimates,  495. 
Continuity  of  gaseous  and  Hqnid 

sUtes.  825. 
Contracted  vein.  229. 
Contractile  ibrce  of  sorihce-fifan. 

181. 
Controlled  clocks,  786l 
Convection  of  heat,  284. 

—  of  electricity,  ^51,  604. 
Convertibility  of  centres  in  pendu- 
lum, 60. 

Convex  mirrors,  905. 
Cooling,  law  oi;  880. 

—  of  air  bv  ascent,  498. 
Copper-cube  experim«it,  777. 
Corti's  organ,  861. 

Couk>mb's  torBlon-ba]anoe,M9,ei4. 
Counterpoised  barometer.  159. 
Couples,  16. 

Couronne  de  tasses,  046L 
Critical  angle  918. 

—  temperature.  Andrews',  827. 
Cross- wires  of  telescope,  971. 
Cmickshank's  trough,  M7. 
Cryophorus,  880. 
Crystallization,  807. 
QystaUoids,  189. 

Cnrstals.  optical,  dassificatiott  oft, 

1048. 
Cap-leathera,  885. 
Current  deflected   by  magnetic 

force,  058. 
-~  dhection  oC  in  battery,  648. 

—  Induced  by  motion  across  lines 

of  force  70^760. 
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CorreDt,  namericftl  estimate  ot, 
66S. 

CorrentB,  marine,  284. 

Carvatore  in  connection  with  ca- 
pillarity, 12S,  188. 

—  of  rayBlnair,  1019. 
Cushions  of  electrical  machine, 

fi8ai,536. 
Cydoidal  pendulimi,  71 
Cyclones,  d02,611. 
Cylindric  mirror,  906. 

DALTON^S    experiments   on 
vapors,  849. 

—  laws  of  vapors,  823. 
Dampers,  copper,  777. 
Danieirs  battery,  649. 

—  hygrometer,  863. 

Dark  ends  of  spectrum,  978. 

—  lines  in  spectrum,  978. 
Davy  lamp,  418. 

—  an  friction  of  ice,  447, 
Dead  points,  472. 
Declination  magnet,  626. 

—  magnetic,  61a 
changes  ot,  688. 

—  theodolite.  626. 
Deep-water  thermometers,  258. 
Dedagrator,  Hare's,  648. 
Degree  of  thermometer,  250. 

physical  meaning  of.  351. 

Delezenne^s  circle,  750. 
Delicacy  of  thermometer,  252. 
Density,  85. 

—  by  hydrometers,  114. 

—  by  specific  gravity  bottle,  88. 

—  by  weighing  in  water,  118. 

>-  correction  of;  for  temperature, 
266 

—  electric,  528. 

—  of  air,  141,  296, 875. 

—  of  gases,  294-297. 
table  of,  297. 

—  of  mixtures,  120. 

—  of  vapours,  857-368. 

—  table  ot,  88. 

—  8es  Air,  Vapour,  Earth. 
Depolarization,  see  Elliptic  Polar- 

iaation. 
Depressions,  capillary,  128. 
De  Sauflsure^B  hygrometer,  866. 
Despretz^s  experiments  on  Boyle^s 

law,  172, 

—  — 'On  alcohol  at  low  tempera- 

tures, 888. 

—  — '  on  heat  of  voltaic  arc,  708. 
Deviation,  oonstructions  for,  924, 

925. 

—  by  rotation  of  mirror,  892, 

—  minimum,  924-926. 
Dew,  412. 

—  point  865. 

computation  of,  871. 

Dial  telegraphs,  718,  722. 

Dialysis,  189  (8d  edition). 

Diamagnetic  bodies,  688;  their 
coefficient  of  Induction  nega- 
tive, 781. 

Diathermancy,  405. 

—  table  of,  406. 
Dielectric,  influence  of,  575. 

—  polarization  of,  578. 
Difference-tones,  862. 
Differential  galvanometer,  661. 

—  thermometer,  268. 
Difficulty  of  commencing  change 

of  state,  806,  848. 
Diffraction.  1018. 

—  by  grating,  1025. 


DiffWMtion  fringes,  1024. 

—  spectrum,  10^25. 
DiflVislon,  189. 
Digester,  Fapln's,  889. 
Dimensions  of  units,  779. 
Dip,  615. 

Dip-chrcle,  628. 

Direction  of  vibration  In  polarised 

light,  1048. 
Discharge  in  rarefied  gases,  M9- 

552,765. 
Discharger,  Jointed,  569. 

—  universal,  584. 
Discord,  S59. 
Dispersion,  chromatic,  918. 

in  spectroscope,  992. 

Displacement  of  spectral  Hoes  by 

motion,  991. 
Dissipation  of  charge,  581. 

—  of  energy,  466. 

—  of  sonorous  energy,  799. 
Distance,  adaptation  of  eye  to, 

wo, 

—  Judgment  ot  94Q, 
Distillation,  847. 

Distribution  of  electricity  on  con- 
ductors. 528. 

Diurnal  variations  defined,  16B. 
Diver,  Cartesian,  108. 
Divided  circuits,  678. 
Divisibility,  28. 
Donny's  experiment,  841. 
Doppler^s  principle,  991. 
DouDle-action  air-pnmp,  189. 

—  water-pump,  222, 
Double  refraction,  926. 1085. 
Doubly-exhausting  air-pump,  199. 
Draught  of  chimneys,  298. 
Drion's  experiments,  826. 

Dry  pile,  651. 

Duality  of  electricity,  693. 

Duboscq>  regulator,  706. 

Dulbur^s  experiment,  842. 

Duhamers  vibroecope,  824. 

Dulong  &  Petit's  law,  485. 

law  of  cooling,  888. 

Dumas^  method  Pitt  vapour  den- 
sities, 859. 

Dynamics  of  rigid  bodies,  72-77. 

Dynamometer,  80. 

Dynamo-electric  machines,  «ee 
Accumulation  by  Mutual  Ac- 
ti<ni. 

EAB,  how  affected  by  discord, 
861. 
Earth,  action  ot  on  currents,  689. 

—  as  a  magnet,  682. 

—  mean  densi^  of,  67. 
Earth-cnirents,  684. 
Ebullition,  884. 
Eccentric  of  slide-valve,  478. 
Echo,  808. 

Efficiency  of  engines,  710. 

—  of  pumps,  218. 

—  of  thermic  engine,  438;  rever- 

sible. 4d4. 
Efflux  of  liquids,  226, 
£lasticity»27. 

—  Young'*  modulus  of,  29. 
Electrical  force  ot  a  point  defined, 

559. 

—  machines.  588,  see  Machine. 
Electric  chimes,  COO. 

—  egg,  560. 

—  light,  702,  7«'9. 

—  pendulum,  509. 

—  spark.  546,  see  Spark. 

—  telegraph,  718-786. 


Eclectric  whirl,  558. 
Electricity,  505. 

—  atmospheric,  599. 

—  voltaic,  642. 

Electrodes  of  battery,  644,  789. 
Electro-dynamics,  680l 

—  -gilding,  746. 

— magnetic  engines,  710. 

magnets,  697.    ' 

— medical  machines,  778. 

motors,  710. 

Electrolysis,  788-744. 
Electrolytes,  conduction  in,  746. 
Electrometer,  absolute,  592. 

—  attracted  dise,  591. 
^  cage,  597. 

—  portable,  598. 

—  quadrant,  505. 
Electrometers,  501-598, 
Electro-motive  force,  665,  677. 
Its  value  for  different  bat- 
teries, 679. 

Electrophorus,  544. 
Electro-plating,  746, 
Electroscope,  517. 

—  Bohnenberger's,  652. 

—  condensing,  579. 
Electrotype,  747. 
Elementary  tones,  868. 
Elements  of  currents,  mutual  ac- 
tion ot  688. 

ElHcott's  pendulum,  272. 
Ellipsoid,  1044. 

—  distribution  of  electricity  on, 

529. 
Elliptie  polarization,  1087. 
Elmo's  iire,  St.,  602 
Emissive  power,  894. 
Endosmose,  188. 
Energy,  available  sources  ot  465. 

—  conservation  ot  79. 

—  dissipation  ot  466. 

—  of  motion,  76. 

—  of  position,  78. 

—  of  rotation,  75. 

—  of  sonorous  vibrations,  799. 

—  transformotion  of  79. 
Engines,  thermic,  458;  see  Steam- 
engine. 

Equlpotential  surfaces.  561. 
Equivalent  simple  pendulum,  60. 
Equivalents  of  heat  and  work,  449. 
EiTors  and  corrections,  signs  ot 

158. 
Evaporation.  817. 

—  cold  of  828. 

—  latent  heat  ot  441. 
Exchanges,  theorv  ot  896. 
Exhaustion.  calculatioTvot  185. 

—  limit  ot  198. 

Expansion,  apparent  and  real,  of 
liquids,  275. 

—  by  heat,  242,  264. 

—  coefficient  ot  264. 

—  cubic  ond  linear.  265. 
-—  force  ot  278. 

—  formulsp  relating  to,  264. 

—  heat  lost  in,  451. 

—  in  freezing.  811. 

—  linear,  modes  of  observing,  269. 
table  ot  270. 

—  of  gases.  287. 
table  ot  292. 

—  of  liquids,  table  ot  277,  280. 

—  of  mercury,  280. 
Expansion-factor.  264. 
Expansive  working  in  steam-en- 
gine, 476.  • 

Explosion  of  boilen,  484. 


Part  I.,  p.  1-240,         Part  II,  p.  241-504.         Part  III.,  p.  605-784.         Part  IV.,  p.  785-1050. 


1064 


INDEX. 


Extra  enrrent,  7tf1. 
EztnordfJMry  index,  92a 

—  nya,  928, 1085. 
Eye,M& 
Eye-pleoet,  9M. 

FAHBENHEirS    barometer, 
160. 

—  bydrometer,  116. 

—  BoUe  of  temperatnro,  850. 
Falling  bodies,  laws  ot,  49. 
Fall  In  vacDo.  41. 

Faiaday's    experiments    within 
electrlfled  box,  b^. 

on  Uquelkction  of  ga8ea,888. 

on  solidiflcation  of  gasea,  88)i. 

—  ▼lews  regafdlng  electro-static 

induction,  5Tti,  515. 
Fayre  and   SUbermann's  oalorl- 

meter,  442. 
Field,  magnetic.  620. 

Intensity  o£  62U. 

nnlfonn,  T57. 

Fittngs.  lines  formed  by,  612. 
Film  of  air.  adherent,  188. 
Films,  colours  ot  1080. 

—  tension  in,  181-188. 
Flie-engine,  221. 

Fizeau's  meaaarement  of  Telocity 

of  light,  878. 
Flames,  manometric  846,  857. 

—  singing.  78a. 
Flexure,  resistance  to,  89. 
Floating,  conditions  ot  107. 
Flosting    bodies,   attraction  be- 
tween, 186. 

sUblllty  of,  109. 

Floating  needles.  110. 
Flowers  of  Ice,  808. 
Ffue-plpe.  b87. 
Fluids,  21, 

—  electric  theories  ot  610. 

—  imaginary  magnetic,  618. 
Fluorescence.  9S0.  410. 
Flute  mouthpiece,  887. 
Fly-wheeL  7.5.  474. 

Focsl  linea,  908. 

Foci,  conjugate.  894,  982. 

—  explained  by  wave  theory,  1017. 

—  prunaiy  an^  secondaiy,  901. 

—  principsL  898,  980. 

—  virtual  897. 
Focometer,  940. 

Forbes*  experiments  on  conduc- 
tivity, 420. 

—  observations  on  glader  motion, 

814. 
Force,  11. 

—  lines  and  tubes  oC  560^'V$8. 
their  movement)  757. 

— their  relation  to  induced 

currents,  754-760. 

—  unit  ot  54.  780. 
Force-pump,  220. 
Fortin^s  barometer,  147. 
Foucault's  experiment  on  velocity 

of  light,  87^  1016. 
— •  magneto-thermic    experiment, 
448. 

—  prism,  1087. 

—  regulator.  707. 
Fountains,  280. 

—  intermittent  288l 

—  in  vacuo.  192. 
Fourier's  theorem,  858. 
Fnnklin^B  experiment  on  ebulli- 
tion. 887. 

on  lightning,,  599. 

Fraunhofer^s  Hnes,  978. 


FVee-piston  ah>pamp,  200. 
Free-reed,  84& 

Freeiing  at  abuMmaUy  low  tem- 
peraturea,  8UiS,  460. 

—  by  evaporation,  82S-888. 

—  by  the  spheroidal  state,  845i 

—  expansion  in,  811. 

-^  noereuiy  in  n»d-bot  Grucible,84& 

—  mixtures.  805. 

Freexlng-peint  lowered  by  pres- 
sure. 812. 

;  computation,  400. 

by  stresses,  818. 

Frequency,  817. 
Fresners  rliomh,  1047. 

—  wave-surikce,  1048. 
Friction,  heat  oi;446w 

lection  in  oonnecttoo  with  con- 
serration  of  energy,  T9. 
Fringes,  dUftaction,  1024. 
Frog,  experiment  with,  61& 
Fromenrs  engine,  712. 
Frost,  hoar,  418. 
Fuse,  Stetbam'a,  764. 
Fusion,  802. 

—  latent  heati  ot  489. 

—  temperatures  ot  802. 

GALILEAN  tiOesoope,  989. 
OalUeo^s    experiments   on 
ftlUng  bodlea,  40. 

—  explanation  of  suctlon-pompi, 

Galvani',  644. 
Galvanic  battery,  644. 

—  electricity,  642. 
Galvanometers,  659-064. 

—  choice  ot  677. 
Gamut  819. 
Gas-batterj',  745^ 

—  engine.  490. 

Gases  distinguished  from  liquids, 
21. 

—  table  of  densities  ot  297. 

—  their  expansion  by  heat  287. 

—  their  tendency  to  expand.  22. 

—  two  specific  heats  ot  485, 451. 
Gauss'  unit  of  force,  54. 
Gay-LuBsac's  experiments  on  ex- 
pansion of  gases,  287. 

method  Ibr  vapour  densities, 

862. 
Geissler's  air-pump,  195. 

—  tubes,  765. 
Gilfard's  injector,  48Sw 
Gimbals,  m.  149. 
Gladera.  motion  of,  814. 
Glaisher's  balloon-ascenta,  497. 

—  tables,  871. 

Gkss.  expansion  ot  276. 

—  strained,  exhibits   colours   by 

polariaed  light  1044. 
Gold-leaf  electroscope.  517. 
Governor-balls,  474. 
Gradient  barometric,  168. 
Gramme-degree,  427. 
Graphical  method  of  interpolation, 

120. 
Gratings  for  dllfraction,  1026. 
Gravesande^s  apparatus.  18. 
Gravitation,  universal,  66. 
Gravity,  centre  ot  88. 

—  formula  for  variation,  with  lati- 

tude, 61. 

—  proportional  to  dumb,  65. 

—  terrestrial,  81. 
Gregorisn  telescope,  964. 
Gridiron-pendulum.  27]. 
Grotthus'  hypothesis,  789. 


Grovels  bstteiy^  651. 

Unlf  stream,  285. 

HADLET^  sextant,  892. 
Hail,  888. 

—  YolU's  theoiy  ot  610. 
Hare's  deflagrator,  M& 
Harmonics,  888,  854,  see   Over- 
tones. 

HsxTi8on*Bgridlron-peiidulam.8Tl. 
Head,  286,  ^98. 

Heat  effects  ot  on  magnets,  9S&. 
'—  mechanical  equivalent  ot  449. 

—  of  combustion,  taMe  oi^  444. 

—  polariiation  ot  1049. 

—  produced  by  disdiai^  of  Ley- 

den  jsra,  ^S4,  590. 
by  electric  cunents,  699. 

—  quantity  ot  428. 

—  required  for  a  ^clic  change 4S8. 
for  change  of  volume  and 

tempersture,  457. 

—  ualta,  427. 

Heating  by  hot  water,  884. 
Heights  measured  by  bsroroeter, 

162. 

by  boiling  p<^t  88& 

HelioeUt  9n. 

Helmho]tz*s   colour-obscrvatieoa, 

1004. 

—  resonators,  858. 

—  theonr  of  dissottan«»,  860l 
Hemlspneres,  Magdeboirg,  191. 
Herschellan  telescope,  9^. 
High-pressure  engines,  478^ 
Hlrn  on  animal  heat  4^^* 
Hoar-frost  418. 

Hoitz^s  electrical  machine,  541. 

Homogeneous  atmosphere,  heigfat 
ot  162. 

Hope'^B  experiment,  279. 

Horse-power,  19. 

Houdin's  regulator,  708. 

Howard's  cloud  nomendatore, 
878. 

Hughes'  printing  tclegrapli,  72C 

Humidity  of  air,  8M. 

Hnygens'  construction  for  wave- 
front  1014. 

->  principle,  1012. 

Hydraulic  press.  98, 884. 

—  toMrnlquet  101. 
Hydro-electric  machine,  888. 
Hydrogen,  conductivity  ot  48S. 

—  heat  of  combustion  ot  444. 

—  soap-bubbles  filled  with,  SC9. 
Hydrometers,  118-181. 
HS'groscopes    and    hygromefeera, 

805-vT4. 
Hypsometer,  888. 
Hypsometiy,  168. 

T  CE-CALORIHETEB,  429. 

JL    — flowers,  808. 

— pail  experiment  586.  564. 

—  regektioin  ot  814. 
Iceland-spar,  926. 
Images,  acddentaL  1009. 

—  brightnesB  ot  967. 

—  electric  566. 

—  fonnation  ot  898. 

—  in  mid  air,  901. 

—  on  screen,  900. 

—  produced  by  amall  arertures, 

868. 

—  size  ot  89&  987. 
Imaginary  magnetic  matter,  619. 
Inclination,  noagnetic  615. 
Inclined  plane.  41. 
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Index  errors,  lOB. 
Index  of  refraction,  911. 

table  of,  912. 

of  air,  1019. 

Induced  currents,  760-760. 
Indaction  colL,  761. 

—  electro-Btatic,  618-687. 

Its  relation  to  foroe-tabes, 

668. 

—  magnetic,  617,  ooeflBdent  oC781. 
Inductive  capacity,  spectflo,  576. 
Inertia,  9. 

Inexhaustible  bottle,  28S. 
Ingenhouflifs  experiment,  416. 
Iqjector,  GifBud*8, 486. 
Insects  walking  on  wator,  110. 
Insular  climates.  496. 
Insulators,  list  of;  607. 
Intensity,  horizontal,  Tertioal,  and 
total,  628. 

—  of  field.  620,  781. 

—  of  magnetization,  621.  781. 
Interference,  810,  ses  Diffraction. 
Intervals,  musical,  818. 

Iodine,  solution  of;  in  bisulphide 

of  carbon,  410. 
Isobaric  lines  and  charts,  163. 
Isochronlsm,  condition  of;  70. 

—  of  pendulum,  68. 

Isoclinic  and  other  magnetic  lines, 

682. 
Isothermal  lines,  494. 

JET  PUMP,  228  m  edition). 
Jets,  liquid,  227. 
Jones^  contTMled  clocks,  786. 
Joule's  equivalent,  450, 462. 

—  experiment  in  stirring  water, 

449. 

—  law  for  energy  of  current,  699- 

702, 
Jupiter^  satellites,  eclipses  of;  878. 

RALEIDOSOOPE,  890. 
Kater^s  pendulum,  60. 
Key,  Morse's  teWrapli,  724. 
Kienmayer's  ama%am,  566. 
King's  barograph,  160. 
Kinnersley's  thermometer,  666. 
Kdnig's  manometrio  flaines,  846, 

Kravogrs  air-pump,  194. 

LADD'S  machine,  774. 
Land  and  sea  breezes,  496. 

Lantern,  nutfie,  945. 

Laplace  and   Lavoisier's  experi- 
ments, 269. 

Laplace's  correction  of  8onnd-velo< 
city,  806. 

Laryngoscope,  907. 

Latent  heat  of  ftision,  806. 

of  steam,  441. 

of  vaporization,  828. 

of  water,  804. 

below  iteezing-point,  460. 

Latitude,  88. 

—  its  influence  on  gravity,  61. 
Least  time,  principle  of.  1016. 
Leldenfh>st*s  phenomenon,  845. 
Lenses,  929. 

—  centre  of  lens,  981. 
Lenz's  law,  768. 

Le  Boy's  hygrometer.  867. 
Leslie's  differential  thermometer, 
268. 

—  experiment  (fk«ezlng  by  evapo- 

ration). 828. 
Levelling,  124. 


Levelling,  corrections  in,  1618. 

Lever,  16. 

Leyden  battery,  690. 

— )ar,  571. 

capacity  o^  668. 

—  ->  with  movable  coatings,  678. 
Lichtenberg's  figures,  681. 
Light,  866-106U. 

-^  electric,  702. 

fbr  lljghthouses,  769. 

Lightning,  699. 

—  -conductors,  601. 

—  duration  of;  600. 
limma,  819. 

I^ear  dimensions,  )n  sound,  886, 
889. 

line  of  eolHmatlon,  971. 

Lines,  isoclinic,  Isodynamle,  Iso- 
genic, 682. 

Lines  of  fbroe,  560. 

caution  regarding,  778. 

due  to  current,  667,  689. 

magnetic,  619. 

shown  by  filings,  618. 

Idnk-motion,  489. 

Liquefkction  of  gases,  822-828. 

—  of  solids,  U6  Fusion. 
Liqueflable    and  non  -  Uquefiable 

gases,  178. 

Liquid  and  gaMous  states  continu- 
ous, 825-828. 

Liquids,  21. 

LlflS^u's  curves,  849. 

equations  to,  860. 

—  experiments,  847. 
Local  action,  661. 
Locomotive.  486. 
Lodestone,  612. 
Longitudinal  vibrations  of  rods 

and  strings.  848. 
Looking-glasses,  886. 
Loudness,  816^ 

Luminiferous  lether,  866, 1048. 
Lycopodium  on  vibrating  plate, 

MACHINE,  electrical,  681. 
Bertsch's,  545. 

Guericko's,  688. 

Holtz's.541. 

Nalme's,  687. 

Bamsden's,  685. 

Winter's,  688. 

—  hydro  •  electric,     Armstrong's, 

ICachlnes,  magneto-electric,  766- 

774. 
Magdeburg  hemispheres,  191. 
Magic  Ainnel,  282. 

—  Umtem,  946. 
Magnet,  Ideal  simple,  620. 

—  moment  ot  621,  622. 

—  natural,  612. 

MagneUc  attraction  and  repulsion, 
619. 

—  charts,  681. 

—  curves  formed  by  filings,  618. 

—  fluids.  Imaginary,  618. 

—  meridian,  615,  681. 

—  potential  619. 

—  storms.  684. 

—  variations,  688. 
Magnetism,  remnant  or  residual, 

69a 
Magnetization,  methods  of;  685, 
696i 

—  specification  of,  619. 
Magneto-crystalllc  action.  640. 
— electric  machines,  766-775. 


Magneto-optic  rotation,  1045. 
Magnetometers,  680. 
Maenlfleatlon,  951. 

—  by  lens,  954. 

—  by  microscope,  959. 

—  by  telescope,  969,  961,  964. 
Mahis'  polarisoope,  1088. 
Manometers,  177. 
Manometric  flames,  846,  867. 
Marine  barometer,  166. 
Mariotte's  bottle,  289. 

—  law,  170. 

—  tube,  171. 

Mason's  hygrometer,  870. 
Mass,  64. 

—  centre  o^  72. 

Matches  Jbr  ooUecting  electridfy, 

606. 
Maximum  thermometers,  264. 
Maxwell's  ook>ur-box,  1U06. 

—  rule  for  action  between  drcuits, 

689. 
Mean  temperature,  498. 
Mechanical    equivalent  of  heat, 

449. 
Mechanics,  11. 
MeUoni's  experiments,  899-406. 

—  method  of  evaluating  deflec- 

tion^  664. 
Melting-points,  table  o(  802. 
Meniscus,  185,  929. 
Mercury,  density  o(  88. 

—  expansion  o^  280,  258. 
Meridian,  616. 

Meridians,  chart  of  magnetic,  681. 
Mctacentre,  110. 
Metallic  barometers,  157. 

—  thermometers,  261. 
Meteoric  theory  of  sun's  heat,  464. 
Mica  plates  fbr  drcnlar  polariza- 
tion, 1047. 

Micrometers,  972. 
Microscope,  compound,  956. 

—  electric,  945u 

—  simple,  965. 

—  solar,  944. 

Mines,  firing  by  electricity,  590. 
Minimum  deviation  by  prunn,  924- 

926. 
Mirage,  9ia  1022. 
Mirror  electrometer.  594. 

—  galvanometer,  668. 
Mirrors,  886. 

—  concave.  898. 

—  conjugate.  898,  807. 

—  convex,  905. 

—  eylindric,  906. 

—  parabolic  894. 

—  plane.  886. 
Mist,  877. 

Mixture  of  colours.  1002-1008. 

—  of  gases  and  vapours.  181, 82t. 
Mixtures,  densl^  of;  120. 

—  method  of.  429. 
Modulus  of  elasticity.  29. 
Moist  air,  density  o£  875. 
Moment  of  couple,  16. 

—  of  force  about  axis,  75. 

—  of  Inertia,  74. 

—  of  magnet,  621, 622. 
Momentum,  76. 

—  angular,  76. 
Monochord,  see  Sonometer. 
Monochromatic  light,  992. 
Monsoons,  499. 

Morin's  apparatus,  47. 
Morse's  telegraph,  722. 

—  telegraphic  alphabet,  724. 
Mortar,  electric,  565. 
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MotloDB,  eomposltlon  oC  38. 
Mouotaiii'barometer,   theory    ot, 

162. 
MonMon^s  experiment,  818. 
Month-Liecea  of  organ-pipoa,  887, 

MiilUple  Imagea.  88a,  919. 
Multiple-tube  barometer,  160. 

manometer.  170. 

Musical  sound,  790. 

NAIRNE'S  electrical  machine, 
687. 
Needle,  magaetked,  614. 
Negretb^B  maximum  thermome- 
ter, 257. 
Newtonian  telescope,  964. 
Newton's  law  of  cooling,  886. 

—  rings,  1060. 

—  spectrum  experiment,  976. 

—  tneory  of  refraction,  1016. 
Nicholson's  hydrometer,  116. 
NkoTs  prism,  1066. 
Noblirs  tbermo-pile,  897. 
Nodal  lines  on  plate,  788. 
Nodes  and  antinodea  in  air,  811. 
in  pipes,  840. 

Noise  and  musical  sound,  790. 
Non-Uqueflable  gases,  178. 
Notea  m  music,  820. 

OBSCXTRE  radiation,  409, 97& 
CBrsted's  experiment,  666l 
— -  piezometer,  26. 
Ohm  as  unit  of  resistance,  768- 

700. 
Ohm's  law,  666. 
Opera-glass,  968. 
Ophthalmoscope,  907. 
Optical  centre  of  lens,  981. 

—  examination  of  vibrations,  847- 

851. 
Optic  axes' In  biaxal  crrstals,  1048. 

—  axis  in  uniaxal   crystals,  927, 

1042. 
Order,  thermo-electric.  664. 
Ordinary  and  extraordlnaiy  Image, 

92S. 

index.  928. 

ravs,  1085. 

Organ-pipes,  8S7-M2. 

effect  of    temperature  on, 

845. 

overtones  ot  MO-S48,  856b 

Oscillating  enirlnes.  4b0. 
Overtones,  882-"^6. 
Oxyhydrogen  blow-pipe,  444. 

PAPIN'S  digester,  889. 
Parabolic  mirrors,  884,  898, 
H)7. 
Parachute.  211. 
Faradox,  hvdrostatlc  100. 
P&rallel  currents,  682. 

—  forces,  14. 

—  mirrors,  KS9. 
Parallelogram  of  forces.  12. 
PSramagnetlc  bodies.  688,  781. 
PascaFs   experiment  at  Puy-de- 

DAme,  145. 

—  principle,  91. 

—  vases.  97. 
Peltier  effect  70S. 
Pendulum,  56. 

—  compensated,  271. 

—  compound.  60. 

—  convertibility  of  centres  in,  60. 

—  cvclotdal.  71. 

—  electric,  609. 


Pendulum  electrically  controllsd, 
787. 

—  isochronism  o£  68,  70. 

—  Ume  of  vibration  of;  63. 
Penumbra,  872. 
Pepper's  ghost,  892. 
Percussion,  centre  ot  76. 
Peiforation  by  electric  dlschars^ 

5b8. 
Period  of  vibration,  67,  70,  786. 
Permanent  gases,  178. 
Perpetual  motion  schemes,  20. 
Person  on  spedflc  heat  of  Ice,  460. 
I^kantom  bouquet,  899. 
Phial  of  four  elementa,  112. 
Phillips'  electrophorus,  644. 

—  maximum  thermometer,  267. 
Phonautograph,  826. 
Phosphorescence,  979. 
Phosphoroscope,  979. 
Photographic  regiatntlon,  160. 
Photography,  948. 
Photometers,  881. 
Piesometer,  26. 

Pile,  dry,  651. 

—  Yolte's,  646. 

Pipes,  vibration  of  afar  in,  788;  m« 

Organ-pip^. 
Pipette.  S81. 
Pistol,  yolU'^  666. 
Pitch,  816. 

—  modified  by  motion,  826. 

—  standards  of^  820. 
Pixii's  machine,  767. 
Plane  mirrors,  b86. 

Plane  of  polarization,  1084,1048. 
Plasticity  of  ice.  814. 
Plateau's  experiments,  184. 
Platea,  relksction  through,  918. 

—  vibration  of;  787,  b86. 
Plumb-line,  81. 
Plunger,  220. 

Pluviometer,  see  Rain-gauge. 
Pneumatic  despatch,  206. 

—  tinder-box.  446. 

Pointo  dlschaivo  electricity,  680. 

—  wind  fh>m.  657. 
Polarization  by  absorption.  1062. 

—  by  double  relhu^tion.  1(^ 

—  by  reflection  and  transmission, 

1088. 

—  dreular,  1047. 
~  elliptic  1087. 

~  in  batteries,  649.  675. 

—  of  dark  rays,  1060. 

—  of  dielecWc  678. 

—  of  light  1082. 

—  plane  of.  1084. 
Polarizer.  1082. 
Poles  of  battery.  644. 

—  of  magnet,  612. 

their  names,  616. 

Porosity,  25. 

Portable  electrometer,  602. 
Portative  force,  ti87. 
Portrait  electric,  566. 
Potential,  569. 

—  analogous  to  level,  661. 

—  curve  of,  in  battery,  676. 

—  energy.  78. 

—  equal  to  sum  of  quotients.  664. 

—  its  relation  to  force  and  wwk, 

K)0-«61. 

—  stronir  and  feeble.  579. 
Pouillet's  apparatus  for  compress* 

Ing  gases.  178. 
Pound,  a  standard  of  mass,  64w 
Pressure,  centre  of.  102. 

—  hydrostatic,  90-101. 


PMssure.  Intensity  ot,  95. 

—  redttctk»  ot,  to  absolute 

sure,  154. 

—  total  amount  of,  108. 
Pressure  and  volume  when  no  beat 

cnten  or  eacapea,  486l 
Pressure-gaugM,  li7-t*«2. 
Prevost's  theory  of  ndiaiioD,SX. 
Primary  oolour-sensatlona,  ItOb. 
Principal  Ibous,  898, 980. 
Principle  of  Archlmedea,  104. 

—  of  lluyghens,  1012. 

—  of  Pascal,  91. 

Prism  in  optics.  920-92& 

—  NlcoFs  and  Foucauh's,  1086. 
Problem's  in  Aoonstles  and  Optics, 

1057. 
Ih-nsmiGS  and  Hydrostatics 

1061. 

Heat.  1056. 

Profectiles,  motion  of^  60. 
Projection  by  lenses,  944. 
Proof-plane,  604. 
Propagation  of  light,  1012. 

—  of  sound,  799. 
Psydirometer,  870. 

l^impa,  centrtttagal,  222  (Bd  edit) 
~  for  air,  184;  see  Air-pump. 

—  |!f)rdng,  220. 

—  for  liquids,  216. 

—  Galileo  on,  144. 

—  jet.  228  (8d  edition). 

—  suction,  216. 

Puncture  by  electric  dischaifi^ 

588. 
Pure  spectrum,  976. 
Purity  numerically ; 
Pyrhellometer,  468. 
Pyrometer,  262,  2^. 
Pythagorean  scale,  821. 

kUADRANT  eleetroaieter. 

'    604. 

^•—  elcctroeoope,  686. 
Quantity  of  beat,  426. 
Quarter-wave  pbtes.  1C47. 
Quartz  rotates  plane  of  pobrias- 

tion,l045. 

—  transparent  to  nltz»-Tiolet  ny^ 

410,  981. 

-O  ADIANT  heat  and  Bgfat,  408. 
XV    Radiation. 885. 

—  coefficient  of;  894. 

—  selective,  410. 
Rain.  881. 
Rainbow,  997. 
Rainfhll,  British,  883. 
Rain-gauge,  883. 

Ramsden  and  Roy*s  eiq>erimeot8, 

270. 
Ramsden's  electrical  machine,  a6& 
Rare&ction  by  Alvergnlafs  meth- 
od. 551. 

—  In  air-pump,  185. 

—  In  Sprengers  air-pump,  198. 
Rarefied  gases,  discJiarge  m,  949. 

765. 
Reaction  of  lasulng  jet,  101. 
Real  and  apparent  expansion.  2(3l 
Reaumur's  scale.  360. 
Recom  position  of  white  Hgbt,9$8. 
Rectilinear  propagation  of  Qgkt 

866. 1018. 
Reed-pipes,  844. 
Reflecting  power,  8C8. 

406  (table). 

Reflection  of  heat,  890. 
--of  Ught,8S8. 
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Beflection  of  light,  liregular,  883. 
total,  918. 

—  of  soand,  feOd. 
Hefraction.  908. 

—  atmoApberic,  1013. 
--  double.  9S6, 10B.\ 

—  Newtonian  explanation  o%  1016. 

—  of  Bonnd,  808. 

—  table  of  indices  o(  918. 

—  undalatory  explanation  ol^  1014. 
KefranglblUtv,  change  of,  410,  981. 
Regelatlon,  314. 

Regnanlt^s  hygrometer,  809. 

—  hypsometer,  838. 

—  experiments  on  Boyle^s  la w,178. 

on  expansion  or  gases,  288. 

on  sound,  798. 

on  specific  heat,  482. 

on  vapour-tensions,  860. 

Regulators  for  electric  Ught,  706- 

708. 
Belay,  725. 

Bemanent  magnetism,  098. 
Beplenlsher,  607. 
Bepulslon,  aee  Attraction. 
Bepulston  a  more  reliable  test  than 

attraction,  616* 
Besldnal  charge,  609. 

—  magnetism,  698. 
Beslstaniie,  electrical,  666. 

and  thermal,  compared,  670. 

—  In  battery,  677. 

—  of  vrlres,  667. 

—  specific,  667. 
~  table  or,  670. 

—  unit  of,  788,  782, 
Besonance,  888. 
Besonators,  856. 
Besultant,  12. 

—  tones,  862. 

Berersal  of  bright  lines,  412,  983. 
Beverslble  enghie,  perftct,  454. 
Berersing  of  locomotive,  489. 
Bheostat,  668. 
Bhomb,  Fresnel's.  1047. 
Bings  by  polarized  light,  1040. 

—  Newton's,  1081. 

Bock-salt,  its  diathermancy,  407, 

411. 
Bods,  vibrations  of.  848. 
Botatlng  vessel  of  liqnld,  96. 
Botatlon  of  earth  as  affecting  wind, 

600. 

—  plane  of  polarization,  1046. 
Botations,  electro-dynamic,  638. 

—  electro-maenetic,  695. 
Botatorv  engines,  480. 

Boy  and  Bamsden's  measures  of 

expansion,  270. 
Bubbers  of  electrical  machine,  585, 

i586. 
Buhmkorff's  coil,  761. 
Bumford  on  heat  of  friction,  446. 

—  on  radiation  in  vacuo,  8S5. 
Bumfbrd's  thermoscope,  26^. 
Buptnre  of  magnet,  618. 
Butherford's  self- registering  ther- 
mometers, 265. 

SACX^ABINE    solutions,   by 
polarized  light,  1015. 
Safety-valve,  488. 
Ratnratod  vapour,  818. 
Saturation,  magnetic,  686. 
Sawdust  battery,  651. 
Scales  measure  mass,  80. 
Scales,  musical  818. 

—  thermoraetric,  250. 
Scattered  light,  898. 


Schiehallien  e:q>erlment,  67. 
Schweiger's  multiplier,  660. 
Sea-breeze  and  land-breeze,  ^9. 
Seoondanr  axis,  894, 962. 

—  coll,  7fe. 

—  pile,  746. 

Segmental  vibration,  882. 
Selective  emission  and  absorption, 

410. 
Selenite  by  polarized  light,  1067. 
Semitone,  820. 
Sensibility  of  balance,  86. 

—  of  thermometer,  262. 

Series,  armngement  of  cells  In,  672. 
Sextant,  892. 
Shadows,  870. 
Siemens'  armature,  771. 

—  and    Wheatstone's     machine, 

778. 
Simple  harmonic  motion,  68,  70. 

—  magnet,  ideal,  6s20. 

—  tones  arise  from  simple  vibra- 

tions, 86& 

—  vibrations,  63,  70. 
Sine-galvanometer,  669. 
Sines,  law  of,  910. 
Singing  flames,  786. 
Sinuous  currents,  688. 
Siphon,  284. 

barometer,  154. 

temperature   correction   of, 

168. 
Siren,  822. 

Sirius,  motlmi  ot  Ml' 
Six's  ^ermometer,  251. 
SUde-valve,  478. 
Snow,  888. 

Soap-bubbles,  pressure  within,  184. 
with  hydrogen,  209. 

—  fihns,  188. 
Sodium  line,  987. 
Solar  heat,  462. 
sources  o^  464. 

—  microscope,  944. 

—  spectrum,  976, 978. 
Solenoids,  690. 
Solidification,  change  of  volume  in, 

810. 

—  of  gases,  888. 

—  of  Uqulds,  806. 
Solution,  801. 

Solutions,  boiling  points  of,  640. 
Sondbaus'  experiment,  8(^. 
Sonometer,  881. 
Sound,  786-864. 

—  in  exhausted  receiver,  791. 

—  propagation  of,  792. 

—  reflection  ot  807. 

—  refraction  ot,  808. 

—  shadows  in  water,  867. 
Sources  of  energv,  44S6. 
Spangled  tube,  558. 
Spark,  electric,  546. 

colour  of,  552. 

duration  of,  549. 

heating  efl'ects  of,  566. 

in  rarefied  air,  550. 

I  Speaking-trumpet,  808. 
^  Specific  gravity,  86. 

correction  oi;  tor  tempera- 
ture, 266. 

for  weight  of  air,  218. 

determination  of,  by  hydro- 
meters, 114. 

bv  weighing  in  water,  118. 

flaslc,  88. 

of  mixtures,  120. 

table  ot,  88. 

Specific  heat,  427-486. 


Specific  heat  at  constant  pres- 
sure and  constant  vorame, 
486,461. 

tebles  oi;  464,  489. 

Specific  inductive  capacity,  576. 

Spectacles,  952. 

Spectra,  966-994. 

—  brightness  and  purity  of,  791. 

—  by  diflfraction,  1026-1080. 
Spectroscope,  9^. 
Spectrum  analysis,  986. 
Specuh^  silvered,  965. 
Speculum-metal,  686. 
Sphere,  electric  capacity  of,  666. 
Spherical  mirrors,  898-906. 

—  aberration,  694. 
Spheroidal  state,  844. 
Spirit-level,  124. 

thermometer,  251. 

SprengePs  air-pump,  197. 
Springs  and  spring-balances,  80. 

—  vibration  of,  765. 
Squares,  inverse,  889. 

in  electricity,  520-528. 

Stable  equilibrium,  66. 
Stars,  brightness  o(  969. 

—  motion  of,  991. 

—  spectra  ot  986. 
Statham's  fuse,  761. 
Stationary  undulations,  841. 
Steam,  volume  of;  868. 
Steam-engine,  469-490. 

—  locomotive,  486. 

Steel,  its  magnetic  properties,  617. 
Step-by-step  telegraphs,  718-722. 
Stereoscope,  949. 
Still,  847. 

Stirling's  air-engine,  468. 
Storms,  magnetic,  684. 
Storm-warnings,  169. 
Stoves,  299. 

—  Norwegian,  424. 

Strained  glass,  by  polarized  light, 

1044. 
Stratification  in  electric  discharge, 

766. 
Strength  of  pole,  620. 

—  of  current,  653. 
Striking  reed,  845. 
Stringra  instruments,  885. 
Strings,  overtones  of,  in  longitudi- 
nal vibration,  848. 

—  vibration  of,  788.  629-885, 854. 
Strutt's  (Hon.  J.  W.)  dlflhiction 

gratings,  1026. 
Submarine  telegraphs,  788. 
Successive  reflections,  888. 
Suction,  216. 

pump,  216. 

Sulphate  of  soda,  810. 
Summation-tones,  862. 
Sun,  atmosphere  of;  987. 

—  distance  of,  879. 

—  see  Solar. 

Superheating  of  steam,  480. 
Supersaturated  solutions,  810. 
Sumce,  electricity    resides    on, 

526. 
Surftce-condensers.  478. 

—  tensions,  table  of,  188. 
Symplesometer,  166. 

-^  Synthesis  of  sounds,  858. 
Syringe,  pneumatic,  445. 
Swan  on  the  sodium  line,  987. 

TANGENT  galvanometer,  660. 
Tantalus'  vase,  287. 
Tartini's  tones,  863. 
Telegraph,  autographic,  780. 
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Telegnph,  aatonuttlc,  T8S. 

—  diaiT^lS,  7M. 

—  electrle,  718-786. 

—  eleetro-chemkal,  780. 
~-  MorM'a,  7<2. 

—  printing,  726. 

—  slngle-needJejTltt. 

—  •ubnuHrln«.  T88. 
Telegraphic  aunun,  T21. 

—  alphabet,  784. 
Teleaoopea.  958-064. 
Teletpectroacope,  980. 
Temperament,  810. 
Temperature,  241. 

—  abeolQte,  S98, 456. 

—  mean,  496. 

—  of  a  place,  408. 

—  of  the  air,  498. 

—  —  decrease  npwarda,  497. 

—  of  the  eoU,  421, 49A. 

Increaae  downwards,  406u 

~  Bcake  o^  2S0. 
Tempering  ot  metala,  SO. 
Tension,  electric,  579. 
Terrestrial  reflRBCtion,  1018. 

—  temperatures.  4W. 
Thermochroae,  408. 
Thenno-dynamles,  445. 

—  first  law  oi;  45U. 

—  second  law  oi;  455. 
Thermo-electricity,  60ft-66& 
Thermographs,  '260. 
Thermometer,  244-868. 

—  alcohol  254. 

—  dIfllBrentiaL  208. 

—  metaUic,  260. 

—  self-registering.  854. 
Thermopile,  897,  654. 
Thllorier^B  apparatns,  894. 
Thin  films,  colours  ot  1080. 
Thomson,  J.,  on  gbuder  motion, 

815. 
Thomson's  gslvanometer,  668. 
Thunder,  601. 
Tickling  by  electricity,  654. 
Timbre,  817. 
Tones,  mi^  and  minor,  819. 

—  resultant,  $^. 
Tonometer.  S2,\ 
Tornadoes,  611.506. 
Torricellian  experiment  148. 
Torriceltt^B    theorem    on    efflux, 

226. 
Torsional  rigidity,  29. 
Torsion-balance,  519,  624. 
Total  reflection,  918. 
Tourmalines.  1062. 
Tourniquet  nydraulie,  101. 
Transnalssion  of  sound,  798. 
Transport  of  elements.  789. 
Transverse  and  longitudinal  Tibni- 

tlons,  795,  828. 
Trerclyan  experiment  789. 
Trumpet  speaking  and  hearing. 

Tubes  of  fbroe,  562. 

movement  oC  767. 

relation  of.  to  induced  cur* 

rents.  754-760. 
Tuning-fork,  886. 


TwaddelTa  hydrometer,  119. 
Tjmdall  on  magneto-cnrstalUo  ae- 
tloa,640. 

—  on  moulding  of  lea,  816w 

UMBRA  and  penumbra,  872. 
(Jnannealed  ghua,  by  polar- 
ized Ught  1044. 
Coderaround   temperature,  495, 

Undulation,  definition  oi;  798. 

—  nature  ot,  79^  1012. 

—  stetionary,  841. 

Uniazal  crystals,  1048, 1044,  98T. 
Uniibrm  acceleration,  58. 

—  field,  757. 
Unit-jar,  587. 

Unit  of  resistance,  B.  A.,  760. 
Units  and  their  dimenakios,  779- 
788. 

—  of  heat  427. 
Unstable  equilibrium,  86. 
Untraversed  space,  198. 

VAPOUB,817. 
—  apparatus  to  lllnatnte, 
819. 

—  at  maximum  tension,  818. 
Vapour-density,  857-868. 

related  to  chemical  combina- 
tion, 857. 

Vapour-tension,  measurement  of, 
849^856. 

Variation  of  magnetic  elements, 
688. 

Vegetable  growth,  462. 

VeFodty  ofelectridty,  566. 

—  of  Ught  878-880. 

—  of  sound  in  air,  800. 

in  gases,  806,  844. 

in  Squids,  808. 

in  solids,  805.  844. 

mathematieally  Investi- 
gated, 814. 

Vena  contracta,  S89. 

Vernier,  148. 

Vertical,  81. 

Vesicular  state,  877. 

Vessels  in  communication,  188. 

with  two  liquids,  127. 

Vibrations  of  ordinary  light  1049. 

—  of  plane  pohuized  Ught  1048. 
Vibrations,  simple.  68. 

—  single  and  double,  785. 

—  tranverse  and  fengttudlnal,  795, 

828. 
VibroeoDpe,  824. 
Virtual  imagea,  904, 988,  940. 
Vision,  948. 
Visual  angle.  961. 
Vitreous  and  realnoua  electricity, 

510. 
Volta,64&. 
Voltaic  arc  706. 

—  electricity,  648. 

—  element  ^< 
Voltameter,  788,  748. 

Vohmie,  change  o^  la  congelation, 
810. 

—  — >  In  vap^Nrlzation,  868. 


Volume  and  preasnrei  diangM  eC 
when  no  heat  enten  or  ea- 
eapea,  487. 

Vowel-aounds,  857. 
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thermometer,  850, 


Water,  compressibility  oC  86L 

—  -dropping  collector,  604. 

—  equivalent  of  calorimeter,  4SL 

—  level,  128. 

—  maximum  density  oi;  278. 

—  Bpedflc  heat  ot  w4. 

spouts,  611. 

Watering-pot  electric,  508. 
Watfs  ImprovenMnts  in  steoci- 

engine,  470. 
Wave-front,  1018. 

—  -lengths  of  Ught  1060. 
of  sound,  794-817. 

relation  ot  to  velocity  and 

fluency.  794, 866u 

—  -eiirbce.  1018, 1014. 1C48. 

—  theory  of  Ught  1018. 
Weighing,  double,  81. 
—in  air,  818. 

—  in  water,  118. 

—  with  constant  load,  ^ 
Weight-thermometer,  858. 
WeI^thermometer^  258. 
Werthetro^s  ejqMrlmenta  on  vd»- 

city  of  sound,  844. 
Wet  and  dry  bulb,  870. 
Wheatstone's  automatie  STStan, 

785. 

—  bridge,  674, 

—  rotating  mirror,  548,  &66L 

—  universal  telegraph,  721,  7RL 

—  and  Cooke's  telegraphs,  716L 
Wheel-barometer,  156. 
Whirl  electric,  558. 
Wiedemann  and  Franz's  expeil* 

menta,  419. 
Wild's  machine,  778. 
Williams',  Malor,  ezperimeot  wtdi 

ice,  811. 
Wind,  causes  ot  499. 
— ■  from  points,  557. 

—  measurement  ot  506. 

—  trade,  500. 
Wlnd-diest  S88. 

—  instruments,  845. 
Winter's  electrical  macfaine,  56S. 
Wires,  telegraphic,  716. 
WoUaston's  battery,  6iT. 
Work,  18. 

—  d(Kie  by  eorrent  699-702. 

—  prtndple  ot  19. 

—  spent  in  generating  heat  44ft- 

468. 
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OUlfG'S  niodulnst  89. 


ZAMBONrS  pile,  656. 
Zero,  abaolute,  of 
tnra,  898, 456. 

—  displaoement  ot  In 

ter8,852. 

—  error  ot  166. 
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An  Important  Work  for  Mann&otnren,  Chemists,  and  Students. 


A  HAND-BOOK 

OF 

CHEMICAL  TECHNOLOGY. 

By  RUDOLPH  WAGNER,  Ph.D., 

PBOFEBSOB  OF   CHEMICAL  TECHNOLOGY  AT  THE  UNIYSB8ITY   OF  WUBTZBUBQ. 

Translated  and  Edited,  from  the  Eighth  German  Edition,  with  Extensive 

Additions, 

By  WM.  CRpOKES,  F.  R.  S. 
WITH  i7f>  ILLUSTRATIONS,    i  Vol,  Svo.    761  Pa^^es.    (7/^/>§,  $5.00. 


The  several  editions  of  Professor  Rudolf  Wagner's  "  Handbuch  der  Chemis- 

chen  Technologie"  have  succeeded  each  other  so  rapidly, 

that  no  apology  is  needed  in  offering  a 

translation  to  the  public. 

Under  the  head  of  Metallurgic  Chemistry,  the  latest  methods  of  preparing 
Iron,  Cobalt,  Nickel,  Copper,  Coppei'  Salts,  Lead  and  Tin  and  their  Salts,  Bis- 
muth, Zinc,  Zinc  Salts,  Cadmium,  Antimony,  Arsenic,  Mercury,  Platinum, 
Silver,  Gold,  Manganates,  Aluminum,  and  Magnesium,  are  described.  The 
various  applications  of  the  Voltaic  Current  to  Electro-Metallurgy  follow  under 
this  division.  The  preparation  of  Potash  and  Soda  Salts,  the  Manufacture  of 
Sulphuric  Acid,  and  the  Recovery  of  Sulphur  from  Soda-Waste,  of  course 
occupy  prominent  places  in  the  consideration  of  chemical  manufactures.  It 
is  difficult  to  over-estimate  the  mercantile  value  of  Mond's  process,  as  well  as 
the  many  new  and  important  applications  of  Bisulphide  of  Carbon.  The 
manufacture  of  Soap  will  be  found  to  include  much  detail.  The  Technology 
of  Glass,  Stoneware,  Limes  and  Mortars,  will  present  much  of  interest  to  the 
Builder  and  Engineer.  The  Technology  of  Vegetable  Fibres  has  been  con- 
sidered to  include  the  Preparation  of  Flax,  Hemp,  Cotton,  as  well  as  Paper- 
Making  ;  while  the  applications  of  Vegetable  Products  will  be  found  to  include 
Sugar-boiling,  Wine  and  Beer  Brewing,  the  Distillation  of  Spirits,  the  Baking 
of  Bread,  the  Preparation  of  Vinegar,  the  Preservation  of  Wood,  etc. 

Dr.  Wagner  gives  much  information  In  reference  to  the  production  of  Potash 
from  Sugar-residues.  The  use  of  Baryta  Salts  is  also  fully  described,  as  well 
as  the  preparation  of  Sugar  from  Beet-roots.  Tanning,  the  Preservation  of 
Meat,  Milk,  etc.,  the  Preparation  of  Phosphorus  and  Animal  Charcoal,  are 
considered  as  belonging  to  the  Technology  of  Animal  Products.  The  Prepa- 
ration of  the  Materials  for  Dyeing  has  necessarily  required  much  space ;  while 
the  final  sections  of  the  book  have  been  devoted  to  the  Technology  of  Heating 
and  Illumination. 

D.  APPLETON  &  CO..  Publishers. 


The  Colored  Plates  illustrating^  this  edition  of  the  tcork  requiring 
great  care  in  printing^  were  executed  in  London. 


SPECTRUM  ANALYSIS, 

In  its  Application  to  Terrostrial  Substances,  and  the  Physical  Constitu- 
tion of  the  Heavenly  Bodies, 

Familiarly  explained,  by  Dr.  H.  Schellen,  Director  der  Realschule  I.  O. 
Cologne.  Translated  from  the  second  enlarged  and  revised  German  edi- 
tion,  by  Jane  and  Caroline  Lasell.  Edited,  with  Notes,  by  William  Hug- 
gins,  LL.  D.  With  numerous  Woodcuts,  Colored  Plates,  and  Portraits ; 
also.  Angstrom's  and  Kirchhoff 's  Maps.    455  pages,  8vo,  cloth.     Price, 

$6.00. 

♦•♦ 

J^'rvm  the  Chemical  News, 

"This  admirable  work  does  credit  to,  or  should  we  say  is  worthy  of  the  author,  the 
translators,  and  the  editor.  The  first  part  treats  on  the  artificial  sources  of  high  de- 
grees of  heat  and  light ;  the  second  on  Spectrum  Analysis  in  its  application  to  the 
heavenly  bodies.  We  must  approve  the  method  followed  in  the  translation,  and  by  the 
editor.  In  many  translations  the  views  of  the  author  are  suppressed,  in  order  that  the 
views  of  the  translator  or  editor  may  be  expounded ;  but  here  Dr.  Huggins,  however 
leniendy  such  a  fault  might  have  been  looked  upon  with  him,  has  permitted  the  author's 
views  to  remain  intact,  clearly  stating  his  own  and  wherein  lies  the  difference." 

From  the  Chicago  Post, 

"  The  object  of  this  volume  is  to  introduce  the  general  reader  into  a  new  realm  of 
science,  and  acquaint  him  with  the  particulars  and  the  results  of  the  most  brilliant  dis- 
covery of  the  present  century.  Whoever  has  an  appreciative  sense  of  the  beauties  and 
wonders  of  Nature,  illuminated  by  science,  will  find  this  volume  a  rich  mine  of  enjoy- 
ment which  he  will  do  wisely  to  explore." 

From  the  Philadelphia  Age. 

''The  contents  are  formidable  in  appearance,  but  the  average  reader  will  find  its  ex- 
position easily  intelligible.  To  many  the  revelations  of  this  book,  so  marvellously 
minute,  and  yet  so  unerringly  accurate,  will  be  as  wonderful  as  the  stories  of  the 
'Arabian  Nights.' 


Ml 


From  the  Boston  Globe. 

"  Certainly,  as  regards  mere  knowledge,  the  Spectrum  Analysis  has  let  us  into 
many  secrets  of  the  physical  universe,  which  Newton  and  Laplace  would  have  declared 
impk)ssible  for  man's  intellect  to  attain.  The  science  is  still  in  its  infency,  but  it  is 
prosecuted  by  some  of  the  ablest,  most  patient,  and  most  enthusiastic  observers,  and 
some  of  the  keenest  thinkers,  at  present  existing  on  our  litde  insignificant  physical 
globe." 

D.  APPLETON  &  CO.,  PubUsbers, 

549  ^  551  Broadway,  N.  K 


